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SURYEY OF HYDROGEN COMBUSTION

By ISADOREL. DRELLandFRANKE. BELLES

SUMMARY

Theliteratureonthecmnbw.tionpropertitxof hydrogen-air
mixturesh surveyedtopr& a singlesourceof information
wsefu.1inresearchanddeoelopmdworkinwhichhydrogenis
burned.Dataarepresentedonjlametemperature,burning
velocity,quenchingdistance,jlzmmabilitycomposdionlimits,
minimumsparkignitionenergy,JWibackad blowOJ$
limits,detonationpropertia,apl.osionlimik,qxmt.aneous
ignition,andthechemistryofhydrogenoxidation.TheMUWY
h notmeantto behistoricd?ycomp.ktior &ustive butti
coverthebasicmuteridof importamfor$ight-propulsion
application.

TheUah’dityof experime?u!dmethoa%is diWu.88ed,andthe
dataareamwwedwhereverpossibk?.Recommendedvaluesfor
thecombustionproperti-aof hydrogen+zirmtiturmarepre-
sented.Someoriginalmateriulh alsoincluded.RelutiorM
amonguzriotMcombu.stwnpropertiaof hydrogenare dis-
cussed.CalGUMedadiabaticj%mnetemperaturesare pre-
sentedforapremurerangefrom0.01to100atmosphereamd
aninihk.1-temperaturerangefrom0° to1400°K for a.?lpos-
sibl-chydrogen-airmixtures;andh vuriationof sponianeous-
ignitionlugwithtemperature,pressure,andcomposittibawl
on the readionkinetiaof hydrogenoxida.tiunia tr&
theoretically.

INTRODUCTION

The use of hydrogenas a possiblefuel for aircraftand
missileshasbeenconsideredfor a numberof years(ref.1).
Amongthemanyproblemsassociatedwiththe useof this
materialare thoseof eflicientburningundera varietyof
conditions. In the researchand developmenteffort that
willbenecessarybeforetheseproblemscan be fullysolved,
it wouldbe usefulto haverLsinglesourceof informationon
tho manyaspectsof hydrogencombustion.Therefore,as
CLpartof thefundamentalcombustionworkat theNACA
Lewis laboratory,the literaturewas surveyedand the
presentknowledgeon hydrogen-airflameswas collected
anddigested.

A greatdealof literatureexistsbecausehydrogenhasoften
beenusedasa fuelin combustionresearchfrom-theearliest
studiesup to thepresent. Onereasonfor thishasbeenthe
readyavailabilityofhydrogeninafairlypurestate. Further-
more,its high burningvelocity,wide flammability range,
highheatingvalueperunitweight,andgreatflamestability

areof muchscientificinterest.Of thecommonfuel-o.sidant
systems,the hydrogen-oxygen(or hydrogen-air)systemis
probablythe simplest,the one aboutwhichmuchof the
chemist~is known,andthustheoneaboutwhichthereis
thegreatestlikelihoodof learningmore.

Thesurvey@notmeantto behistoricallycompleteor ex-
haustive,but to coverthe importantbasicmaterial. It is
mainlyconcernedwithhydrogen-aircombustionproperties,
butsomedataareincludedforhydrogen-oxygenandhydrogen-
oxygen-nitrogensystems. The combustiondatapresented
includeobservationson (1) flametemperature,(2) burning
velocity, (3) quenchingdistance,(4) flammabilitylimits,
(5) sparkignitionenergy,(6) flamestability,[7) detonation
properties,and(8)explosionlimits,spontaneousignition,and
the chemistryof hydrogenoxidation. Valuesof the com-
bustionpropertiesaregivenunderstatedconditionsof tem-
perature,pressure,and composition(and vesselsize and
otherspscifieationsof theapparatuswhensignificant).The
variationof eachpropertywithtemperature,pressure,and
compositionisthendiscussedif informationisavailable.

Experimentalmethodsanddataareinterpretedandevalu-
ated,andrecommendedvaluesaregiven. Relationsamong
variouscombustionpropertiesof hydrogenare discussed.
Otheroriginalmaterialincludescalculatedadiabaticflame
temperaturesovertheentirehydrogen-aircompositionrange
for pressuresof 0.01to 100atmospheresandinitialtemper-
aturesof 0° to 1400°K, anda theoreticaltreatmentof the
effects of temperature,pressure,and compositionon
spontaneous-ignitionlag basedon thereactionkineticsof
hydrogenoxidation.

SYMBOLS

Cp speciiicheatat constantpressure
%% proportionalityconstants
W’) temperaturedependentproportionalityconstant
D widthof flameholder
d diameterof burnertube
d. quenchingdisWw3
E activationenergy,cal/Inole
F. Fanningfrictionfactor
9 boundaryvelocitygradient,(em/see)/cm
I sparkignitionenergy,millijoules
i rate of initiation(rate of formationof OH

radicalsperunittimeandvolume)
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FmuRDI.—Relationbetweenequivalenceratioandvolume-percenthydrogenfor hydrogen-airmixtures.
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constrmts
rateconstantsfor chemicalreactions
lengthof recirculationzonebehindflameholder
molarconcentrationof allmoleculesotherthan

freeradicals
fuel concentrationin unburnedmixture,mole-

cdes/cm~
molefractionof fuelinunburnedmixture .
prewwe,atm
gasconstant,cal/(mole)(o@
Reynoldsnumber
temperature,‘K
equilibriumadiabaticflametemperature,‘K
initialmixturetemperature,‘K
ignitiontimeavailablebehindflameholder,sec
characteristicignitiontimeof mixture,sec
averageflowvelocity
laminarburningvelocity,cm/sec
empiricnlexponents

T iggtionlag,sec
P equivalenceratio,fuel-oxidantratiodividedby

stoichiome@ fuel-oxidantratio (mkturo
compositionsinthispaperaregivenasmoh3-
percentby volumeor as equivalenceratio;
therelationbetweentheseunitsforhydrogen-
airmixturesis showninfig.1)

a reactionrate
GF averagereactionrateinflame
Subscripts:
a conditiona
b conditionb
bo blowoff
fb flashback
L laininax
‘max maximum
T’ turbulent “
300 300° K initialmixturetemperature
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FLAMETEMPERATURE

Oneof themostimportantfactorsthatcharacterizeand
influencecombustionbehaviorin anyfuel-oxidantsystemis
theflametemperature.)?lametemperature,as usedhere,
refersto flamesbtig at constantpressurewithno ap-
preciableexternalheatlossesor gains. TableI andfigure2
givemeasuredandcalculatedflametemperaturesfor hydro-
gen-airmixturesreportedsince1930;earlierdataarenot
consideredreliable. The data are for a pressureof 1
atmosphereandaninitialmixturetemperatureof 260C.

The criterionof negligibleheat loss makesany experi-
mentalmeasurementveryd.i.flicult.Thevaluesof I?ass.suer
(ref.2,pp.314to 316and319)arethoughttobelowbecause
theywereobtainedwithratherlargethermocouples.For
temperaturesabove2223°K, he useda thermocouple.made
of 0,48-millimeterwire. The hot junctionwas placed1
millimeterabovethe conetip of a flameon a 4-millimeter
cylintilcalburner,bothwithandwithouta split-flametube
@nithellssepnrator)that enclosedthe primaryzone and
isolatedit fromsurroundingair.

Thesodium-D-line-reversalmeasurementsof Morganand
Kane(ref.3) wereof an approximatenature;furthermore,
theyweremadeat a position4 millimetersabovethetip of
a flameon a 4.8-milli.meter-nozzleburner,whichadmittedly
maynotbethelocusof maximumtemperature.Theearlier
line-reversalmeasurementsof Jones,Lewis,and Seaman
(ref.4) probablyfurnishthebestexperimentalvalues. They

Hydrogenin ok, percent by volume.

FIQIJEE2.—Caloulat@dandme.wuredflametemperaturesforhydrogen-
airmixturw Pressure,1 atmosphere;initiiltemperature,25° C.

obtdinedflametemperaturesof 2293°K for thestoichiomet-
ric mixture(29.5percenthydrogen)and 2318°K for the
maximum-temperaturemixture (31.6 percenthydrogen).
Eventhesevaluesmay be somewhatlow becauseof heat
transferto theMekerburnerthatwasusedandbecauseof
theinherentaveragingeilectof theline-reversaltechnique

Calculatedflametemperatures,accountingfor dksocia-
tion, are obtainedwith the assumptionsof an adiabatic
systemandof chemicalequilibriumamongallspeciespresent
in the burnedgas. The calculatedvaluesaxein errorif
theseassumptionsarenot justifiedor if thethermodynamic
datausedareinaccurate. Goodagreementbetweencalcu-
latedandmeasuredflametemperatureshas beenobtained
by a refinedthermocmplemethod (ref. 5) for verylean
propane-airflames Thistendsto supportthevalidityof the
calculatedtemperatures.However,varioussourcesof error
existin anymethodof measuringflametemperature,andit
is not alwaysclearjusthow correctionsshouldbe applied.
In reference5 theerrorswereminimized,andaftertheraw
data werecorrectedas carefullyas possible,a mensured
temperatureof 1530°K was obtained,comparedwith a
calculatedvalueof 1560°K. Equallygoodagreementcan-
not be expectedin everycase,cspecislyin richermixtures
withhotterflames. h short,it is not possibleat present
to coniirmthegeneralvalidityof calculatedflametempera-
tureby experiment.Therefore,the attitudeof thisreport
is that the calculatedtemperaturesarevalid,particularly
for premixedlamimwflazmx+largeenoughso thatquenching
effectsarenot significant.Premixedflameson smallburn-
erswherethereis appreciableheatloss,diffusionflames,and
turbulentflanmwillnormallyfailto reachthefulltheoreti-
caltemperature(ref.6).

Thetheoreticalhydrogen-airflainetemperaturesfromthe
recentliterature(refs.3 and6 to 10)varyconsiderably.In
fact,thediilerencebetweenhighandlowvaluesfor stoichi-
ometricmixturesis 65°K (tableI), whichis almostasgreat
as therangeof experimentaltemperatures.Thisspreadis

,probablydueto dillerencesin thermodynamicdataandair
compositionassumedby variousworkers. The theoretical
valuescomputedfor tfi reportare2387°K for thestoichi-
ometricmixtureand2403°K’for themaximum-temperature
mixture.

For hydrogen-oxygenflamesunderthe sbe initialcon-
ditionsthe theoreticalflametemperaturefor the stoichi-
ometricmixture(66.7percenthydrogenin oxygen)is about
3080°K (ref.6,p. 280,andrefs.8,11,and12);themasimum
is practicallythe same. Line-reversalmeasurementsby
Pothnmzm(quotedinref.13)agreefairlywellwiththeoreti-
calvalues. Thesemeasurementsgavea maximumof 3123°
K at 66percenthydrogen;surprisingly,thisis higherthan
thetheoreticalvr@e. LurieandSherman(ref.13)reported
a lowertemperature,29330K, by thesamemethod. Their
reported mminmm-temperaturemixture of 7S percent
hydrogenin oxygenis widelydifferentfromthe calculated
rcalt andfromPothmam’smeasurement.

Effeotof mixturecomposition,-l?igge2 showsthat the
maximumflametemperatureis obtainedwitha slightlyrich
mixture. Mostof thecurvespresented,includingthemost
recentonecalculatedfor thisreport,showthe maximumat
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approximately31 percenthydrogenin air (q=l.07). The
curvesdrop off regularlyon both sidesof the maximum.
Flametemperaturesbelow 1300°K are obtainedas the
flammabilityhits areapproached.

ThetwoexperimentalcurvesofPassauer,obtainedforopen
flamesandforflamesonaSmithellsburnerwiththeprimary
zone enclosed,showan interestingeffect:The split-flame
burnergave lowerflametemperaturesthan the ordinary
openburnerfor richmixtures(above32pe~centhydrogen),
whilebelowthatconcentrationthereversewasfound. Thus,
thetwokindsof flamesmaynot havecomparabletempera-
turesexceptnear 32 percenthydrogen. The differences
weret,l~o~~htto be due to difhsionor inducedmixingof
secondaryairhornthesurroundingatmosphereintotheopen
flame;theseeffectswouldtendtoraisetemperaturesforrich
mixturesandtolowerthemforleanmixtures.

Accordingto Byrne(ref.14),secondaryoxygendoesnot
penetrateto theinnerconeof arichflame;however,it does
entertheoutermantle,whereit reactswithexcessfnel in
certainrichBunsenflames(suchasmethane-or propane-air
flames)and raisesthe temperature.Heat transferthen
raisesthetemperatureof themixtureburningin theinner
coneandincreasestheburningvelocity. However,Byrne
observedlittleeffectof secondaryoxygenon the size and
shape(rindconsequentlyon theburningvelocity)of a rich
hydrogen-airflame. He concludedthatin thiscasehydro-
genmoleculesandatomsdiiluseawayfromtheflamefaster
thanoxygentravelsinward(whereasin mosthydrocarbon
flamesthereve~eis true); thussecondaryburningoccum
far fromtheinnerconeandcanhavelittleeffectuponit.
ThisseemingdiscrepancywiththeresultsofPassauermaybe
duetothefactthattheburningvelocityofhydrogenisnotas
dependentontemperatureasistheburni.mgvelocityofhydro-
carbons. In otherwords,thetemperaturedidpresumably
rise,butnotenoughtoaffecttheburningvelocityperceptibly.
Consequently,theconclusionof Pasauer (ref.2) thatrich
hydrogenflamesin theopenairhavehigherflametempera-
turesthanenclosedflamesbecauseof admixingof airmnybe
valid.

Effectof initialmixturetemperature.-Theoreticaladi-
abaticequilibriumflametemperatureswerecalculatedfor
varioushydrogen-airmixturesoverarangeofinitialtempera-
turesfrom0° to 1400°K. Theresultsareshowninfigure3.
Richmixturesareshownby solidlinesandlean-to-stoichio-
metricmixturesby dashedlines. Exceptfor mixturesnear
stoichiometric,the flametemperatureincreasesahnostlin-
earlywithinitialtemperature.In very rich or leanmix-
tures,whereflametmuperatnresarelow andthereis little
dissociation,flametemperatureincreasesdegreefor deggee
withmixturetemperature.As thecompositionapproaches
stoichiometric,howover,dissociationbecomesmoreimpor-
tantandflametemperaturebecomeslessdependentoninitial
mixturetemperature.

I?wsrmer(ref. 2), usingthe olderthermochemicaldata,
calculateda curvefor the stoichiometricmixturethat is
quitesimilarto theonein figure3. He~btainedapproxi-
matelythesameflametemperatureforaninitialtemper@re
of 300°K asthatfromthepresentcalculation,buthiscurve
hasgreaterslope.

Effectof pressure.-Dissociationof the burnedgas is
favoredby reducedpressures,so that flametempera’turo
decreasesaspressureis decreased.However,theaimof the
effectdependsstronglyonthegenerallevelofflametwnpora-
turesproducedbyagivenmixture.Figure4showscalculated
flametemperaturesas a functionof pressurefor hydrogon-
airmixturesatinitialtemperaturesof 29S0,600°,and1000°
K. Near-stoichiometicmixturesshowastrongdopenclencc
of flametemperatureon pressure,whileleanandrichmi,,-
tureshavelittleorno dependence.Mixturesthatmequite
leanor richhaveflametemperaturestoo lowto caummuch
dissociation,thus,pressurehaslittleeffect.

Edse(ref.12,p. 39)presentedaplotsimilarto figure4 for
a stoichiometrichydrogen-oxygenmixture. Tho colcula.-
tionscoveredpressurwfrom1 to 100atmospheres.

Initiol mixture temperature, ~ , OK

FXGIJEII3.—Effeetof initialmixturetempemtureon calaulatodflcbmo
temperatureof hydrogen-airmktm% Prewure,1 atmosphere.
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Recommendedflametemperatures.-lhyimvof theexper-
imentaldif6cultiesinmeasuringflametemperatures,aswell
os thelimitedrangeof conditionsoverwhichmeasurements
havebeenmade,itisrecommendedthatthecalculatedvalues
of thisreportbeused. Thesedataaresummarizedinfigure
5, whereflametemperatureis plotted againsthydrogen
concentrationover the completerange of compositiori.
Thereare atmospheric-pressurecurvesfor initialtempera-
turesof 0°,29S.16°,600°,1000°,and1400°K. In addition,
curvesfor O.01and 100 atmosphereswere computedfor
initialtemperaturesof 298.16°,600°, and 1000°K. The
calculationsfor extremelyfuel-richmixturesand for high
initialtemperaturesareincludedforusein theconsideration
of novelenginecyclesandof ilight conditionswhereinlet
temperaturesarehigh.

Burned-gascomposition.--Thecalculationsof equilibrium
adiabaticflametemperaturesfor thisreportalsoprovided
dntnon thecompositionof theburnedgas. The dataare
listed in table II. Mole fractionsat variouspressures,
initialtemperatures,andmixturecompositionsaregivenfor
thefollowingatomsandmolecules:H, O, N, OH,NO, NJ,
0,, H,, andH,O. Figure6 is a plotof thesedataasa fnnc-
tionof equivalenceratiofor a pressureof 1 atmosphereand
aninitialtemperatureof 298.16°K. Thisfigureispresented
mainlyto show the typicalordersof magnitudeof the
amountsof variousconstituentsin the burnedgas. The
molefractionsrangofromabout10-8to valuesapproaching

1. Figure6 also illustrateshow dissociationdependson
flametemperature;themolefraotionsof themaindissocia-
tionproducts,H, O, andOH,peaknotfarfromtheequiva-
lenceratiofor maximumflametemperature.The equiva-
lenceratiosfor th~.efourmaximumsdo not coincide,how-
ever,becausethechssociationequilibriadependon concen-
trationaswellason temperature.

BURNINGVELOCPPY

~~~ BURNINGVELOCITY

Thelaminarburningvelocityis definedasthevelocityat
whichunburnedgas of given composition,pressure,and
temperatureflowsinto a flamein a directionnormalto the
flamesurface. Thenormaldirectionis specitledin orderto
makeburningvelocityindepemlent of the actualshapeof
theflame. The aimin measuringlaminarburningvelocity
is alwaysto obtaina physicalconstantfor themixturethat
is freeof any effectsof geometry,externalheatsourcesor
sinks,andnatureof theflow. Theburningvelocityshould
bedistinguishedfromthespatialflamespeed,whichissimply
thegrossspeedof a flametravelingthroughamixture.

Table III givesburningvelocitiesfor tho hydrogen-air
stoichiometricmixtureandthemixtureof maximumburning
velocity at atmosphericpressureand room temperature.
Rosnltsof 1Sinvestigationscoveringtheyearsbetween18S9
and1956arereported(refs.2,3,8, 10,and15to 27). About
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FIGURE6.—Theoretimdndiabatioflamecompositionfor hydrogen-airmixtures.Pressure,1 atmosphere;initialmixturetemperatq 298.16°K.

SLYspatialflamespeeds,startingwiththeworkof Mallard
andLe Clmtelierin 1881(ref.2s),havebeenomitted.

Thevaluesin tableIII havea largespreadfor a quantity
thatisdefinedso asto beaphysicalconstant. Theburning
velocitiesrangefrom153to 232centimetwspersecondfor
thestoichiometricmixtureandfrom200to 320centimeters
per secondfor the mixturoof maximumburningvelocity.
Furthermore,thereportedhydrogenconcentrationsfor the
maximumbtig velocityvaryfrom40to 46percent. Of
course,not alltheworkwasdoneunderstrictlycomparable
conditions,sincetheambientpressureandtemperatureand
the de~ee of saturationwithwatervapo; diilered. How-
ever; the effectsof thesevariablesare thoughtto be less
importrmtthantheeffectsof theexperimentalmethod.

An experimentalmeasurementof burningvelocityon a
Bunsenor nozzleburnerin essencerequiresrecordingan
opticalimageof somesurfacein the flamezoneand then
measuringthe areaof the surfaceor its inclinationto the
flow. All theworkerscitedin tableIII usedsomeformof
thisgeneralmethod,exceptMantonandMill&en(ref.26),
who useda sphericalconstant-volumebomb. Both steps
in the burnermethodaresubjectto error. At presentit
is believedthatschlierenobservationis best,sinceit gives

G20G974G70

a flamesurfacewitha temperaturecloseto thatof theun-
burnedgas (ref.29). The best methodof measuringthe
areaof thesurfaceis not so clearlydefined.

In thebombmethodusedby MantonandMilliken(ref.
26)theradiusof a sphericallyexpandingflamewasrecorded
asa functionof timeby schlierenphotography.Simulta-
neously,the pressurein the bomb was recorded. From
variouswell-foundedthermodynamicfMSUI@iOIIS,burning
velocitiesmaybe calculatedfromboth typesof data,and
theagreementprovidesaninternalcheckof theassumptions.
In thebombmethodthereareno heatlossessuchas occur
nearthebaseof a burnerflame,andflamecurvatureeffects
areminimizedby makingmeasurementson flamesof large
radius.

It is believedthatthedataof references3, 10,23,24,26,
27,and30representthebeatvaluesof burningvelocityfor
hydrogen-airmixtures. These are recentdata,and they
were obtainedby satisfactoryexperimentaltechniques.
It isnotpossibleatpresentto chooseanysingleinvestigation
asthebest. Therefore,therecommendedburningvelocities
forhydrogen-airmixturesat 1 atmosphereandabout300°K
initialtemperaturesare averagesof the valueshorn these
sevensources. Therecommendedmaximumburningveloc-
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ity is 310 centimetersper second at about 43 percent
hydrogen(P=l.8). The stoichiometricburningvelocities
showa largerspreadthanthemaximumburningvelocities
fromthesamesourcesandrangefrom193to 232centimeters
persecond,withan averageof 215centimeterspersecond.
Site burningvelocitychangesveryrapidlywithhydrogen
concentrationnearstoichiometric,thewiderangeof values
is to be expected.

Effectof mixturecomposition,-1’igure7 showstypical
plots of burningvelocityagainsthydrogenconcentration
takenfromfourrecentinvestigations(refs.10,26,27, and
30). k alreadystated,the maximumoccursneara 43-
percenthydrogenconcentration;thecurvesfalloffsmoo~y
on eitherside. It shouldbe noted that the maximum
burningvelocityoccursin a mixturericherthaneitherthe
stoichiometricmixtureor themwinmm-flame-temperature
mixture. Discrepanciesamongresultsof variousworkers
becomequitelarge on a percentagebasis,especiallyfor
mixturesrich of the maximum-burning-velocitymixture.
It doesnotseempossibleto accountfor thesedifferencesat
present.

Burning-velocitymeasurementscannotbe extendedtoo
far to the leansideof stoichiometric.Becauseof prefer-
entialdiffusioneffects,the tip of a burnerflamemayopen
up in mixtureslwner than17percenthydrogen(ref. 31),
anda streamof mixturemayescapetheflamezonewithout
beingburned.
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FIGUItES.—lMeetof initialtemperatureonburningvelocitiesof hydro-
gen-airmixtures Pressure,1 atmosphere.

Effectof initialmixturetemperature,-Figure8 is a log-
arithmicplotof burningvelocityagainstinitialtemperature
for severalmixtures. Thesolidlineswithsymbolsaredata
fromreference30. Thedashedlinerepresentsthemmirmun
burningvelocitiesof Passauer(ref.2), whichareconsidered
lessreliablethanthe morerecentdata. It appearsfrom
figure8 that the mixtureof maximumburningvelocityis
least sensitiveto changesin iuitirdtemperature,The
followingequationexpressesthe relationbetweeninitial
temperatureandmaximumburningvelocityovertherango
of temperaturesgiven:

u&.-= 0.09908T$413 (1)

The exponenton 2’0is considerablyless for hydrogen-air
mixturesthanfor hydrocarbon-airmixtures. For example,
expressingsomeof the dataof reference32 in theformof
equation(1) givestemperaturedependenciesof U~,~ti of
about ~0*~andZ’$~for n-heptaneand isooctane,respec-
tively.

Effectof pressure.-Measurementsof burningvelocity
at pressuresother than atmosphericare diflicult;this is
especiallytrue for reducedpressures.The experhnental
Mlicultiesarereflectedin largediscrepanciesin the data
of thefewworkemwhohavestudiedhydrogen-airmi..tures.
Reference17 reportsnearlyconstantburningvelocityat
totxdpressuresfrom1to 4 atmospheres.Reference33gives
burning-velocityvaluesof 164 centimetersper secondat
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Referenceburning velocity, UL,a, Cm/SeC

F1amm9.—Variationof pressuredependenceof burningvelocitywithreferenceburningvelocity(ref.26).

atmosphereand 140 centimetersper second at 1
atmosphere~or a mixturewith P=4.7~. Reference26
roporlsthatthebtig velocityof a mixturewithp=3.58
increasedwhenthe pressurewas raisedfrom 0.25to 1.0
atmosphere,andreference27 givesdatashowingthesame
trendbetweenPof 1.10and1.90.

The dataof referenee26 areprobablymostnearlyright,
bcctwsethespherical-bombtechniqueisnotsubjectto some
of theimportantsourcesof errorthataffectresultsobtained
by other methods. Moreover,a previouslyunsuspected
effectwas discoveredthat may explainsomeof the dis-
crepanciesin pressuredependencereportedin theliterature.
It is generallyagreedthatburningvelocityis proportional
to the pressureraisedto somepower. The disagreements
concernthe valueandsignof the exponent. Mantonand
Milliken(ref. 26) studiedmany fuel-o.~gen-inert-gas
mixtureswithatmosphericburningvelocitiesfrom8 to 1000
centimetersper secondanddeterminedz for eachmixture
fromtheempirhl relation

TT /D\z

(2)

Whenthesevaluesof x wereplottedagainstthereference
burningvelocityU_,=(thevalueat atmosphericpressure),

d~tafor all mixturesdefineda singlecurve. The curve,
whichis reproducedfrom reference26 in @ure 9, shows
thatthepressuredependenceof burningvelocityis variable
~nd dependson the referenceburningveloci~. Thus,
slow-burningmixtures(U~<50 cm/see)have a negative
pressureexponent,and hence U~ increasesas pressure
decreases;whereasfor fast-burningmixtures (U~>100
cm/see) the revemeis true. In the intermediaterange
(50cm/see<UL<1OOcm/see)thereis no effectof pressure.
Figure7showsthatbothzeroandpositivepressuree.sponents
may be expectedfor hydrogen-airmixtures.,dependingon
thefuelconcentration;negativeexponentsshouldappearfor
very rich or very lean misturesonly. In any cnse,the
e.sponentshouldbe small.

Theworkof reference27aggeesqualitativelywiththat,of
reference’26butshowspressuredependencetobemuchlarger.
Figure10showsbtig velocitiesfromreferences26 and
27 plothd logarithmicallyagainstpressurefor four rich
equivalenceratios. The data from reference27 were
obtainedby a Bunsenburnertotal-areamethod,andcare
wastakento avoidquenchingeffectsfromtoo-smallburner
tubes. The straightlinesobtainedsupporttheassumption
of reference26thatthedatafollowa relationlikeequation
(2); however,the slopex variesrandomlybetween0.208
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and 0.2S6for equivalenceratiosfrom 1.10 to 1.90, the
averagevaluebeing0.23 (ref.27), whereasfigure9 would
predicta slopeof lessthan0.1.

The causeof the discrepancybetweenreferences26 and
27is notknown. Referenm27triesto resolvethequestion
withtheaidof certaintheoreticalrelationsamongcombus-
tion properties,but the resultis inconclusive.One rela-
tion favorsthe smallpressuredependenceof reference26,
whiletheotherfavorsthelargerdependenceof reference27.
In any event,recentworkagreesthatburningvelocityof
hydrogen-airflames increaseswith increasingpressure.
Pendingfurtherevidence,it is suggestedthat a pressure
e.x--onentof 0.16maybe usedto estimatethepressureeffect
for mkturesnear the.maximumbnringvelocitywithout
causingtoogreatanerror. Thesuggestedvalueistheaver-
ageof thosereportedinreferences26and27._

TURBULENTBURNINGVELOCITY

A flamein turbulentflowdiffersconsiderablyin appear-
ancefroma lmninarflame. Bothviewswiththenakedeye
andtime-exposedphotographsshowthelummouszoneasa
brush-likeregion,thinneartheburnerport,,thickertoward
thetop of theflame,andof moreor lessindefiniteextent.

400 1 I
EquivalenceReference

ratio, p

,oo~
.2 .3 .4

Pressure,P,
)?mmm10.—Effectof p .rewureon-burningvelocityof hydrogen-air

llama.

It is not yet lmo-wnwhethertheflamebrushrepresentsa
thickenedreactionzone or a laminarflamethathasbeen
wrinkled,distorted,andcausedto fluctuateby the turbu-
lence. As a result,thereis no flamesurfaceon -which
burning-velocitymeasurementsshouldobviouslybe based,
andit isnecessaryto choosesomearbiharysurface.-

The only turbulentburningvelocitiesthat have been
measuredfor hydrogen-airflamesaregivenin reference34.
A meanflamesurfacewaschoseninimagesof visibleflamea,
rmdits areawasmeasured.All measurementsweremade
on a 1.02-centimeter-diameterburnerat a Reynoldsnumber
of 3500,overa rangeof pressur%from0.30to 0.75atmos-
phere,andat an equivalenceratioof 1.80. The dataare
shownin @e 11;thelaminar-burning-velocitycurve(ref.
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Fmurm11.—Camparisonof turbulentand laminrmburningvelooitios
forhydrogemair~ asfunctionof presure. Equiwlonoersbtio,
1.80.

27) is includedforcomparison.Asisgenerallyobsemed,the
turbulentburningvelocitiesme higherthan the lmninar
underthe sameconditionsof temperature,pressure,and
composition.The turbulentburningvelocitiesappearto
dependonpressurealittlemorethrmdo thelaminar,andas
a resultthe extrapolatedturbulentline crossesthe experi-
mentallaminarline. It is veryd.ifiicultto understandwhy
this shouldbe true; one suspectsthat turbulentburning
velocitiesbasedon a meanflamesurfacemay havelittle
meaningatlowpremms. Muchworkneedsto be doneon
the natureof turbulentflamesbefore turbulentburning
velocitycanhaverealmmning. At presentit is onlypos-
sibleto makethefollowingqualitativestatement:For the
mostpart,turbulentflamesconsumemixturemorerapidly
thanlaminarflames;thatis, themaximumflowvelocityat
whichthe mixturecanbe completelyburnedis largerfor
turbulentflamesthanfor laminarflames.

QUENCHfNGDETA,NCE

Flamesire qu~ched by excessivelossof heator active
particlesorboth,toadjacentwalls. Experimentshaveshown
thatflamesin amixtureof giventemperature,pressure,and
compositioncannotpassthroughopeningssmallerthcmsome
minimumsize. This sizeis the quenchingdistance. Its
actualmagnitudedependsonthegeometry;forinstance,the
minimumdiameterfor a cylinderis greaterthanthemini-
mumseparationdistanceofparallelplates. Thegeometrical
relationsamongquenchingdistancesfor ductsof various
shapeahavebeenworkedout theoreticallyandagreequite
wellwithexperiment(refs.36and36).

Effectof mixturecomposition.-Infigure12 quenching
distwlcw(minimumseparationof parallelplates)fromrefer-
ence37 @p. 408tQ412)areplottedagainstfuelconcentra-
tion. The datawereobtainedin connectionwithmeasure-
mem%of ignitionenergy. The curves show minimum
quenchingdistance-sat or nearstoichiometriccomposition,
Theminimumquenchingdistanceat 1 atmosphereandam-



SIIRVEiY OF HYDROGRN

I / Y
.8 /

/ /
.6 ‘ d >

d

COMBUSTIONPROPERTIES 4 1171

.1 \ 1 /
\ /

.08 1/
\ . I

.06 t
0 10 20 30 40 50 60 70

Hydrogen-In air, percentby-~alume‘- -
I I I I I Io .25 .5 I 2 4

Equivalenceratio, P

~IQIJIWI12.—Effectof hydrogenconcentrationon quenchingdistanae
of bydrogen-airmisturw(datafromref.37).

bienttemperatureis 0.063centimeter.Fromdatagivenby
I?riedman(ref.8), a valueof 0.057centimetermaybe inter-
polatedfor a stoichiometrichydrogen-airmixture. This
number,obtuinedin anentirelydiilerentway (by theflash-
backtechnique),agreesfairlywellwiththevaluegivenby
reference37.

I?orastoichiometrichydrogen-oxygenmixture,Friedman’s
dataindicatea quenchingdistanceof 0.019centimeter(ref.
8). It isnotknownhowclosethiswotidbeto theminimum
of thocurve.

Eifeotof pressureo-l?igure13 is a logarithmicplot of
quenchingdistanceforparallelplatwagainstpressure.There

Pressure,P,atm

J?mwwa13.—lMfect of pressureon quenobingdisbce of hydrogen-air
Inistur=.

aredati_forthreeequivalenceratiosfromreference38. Four
pointsfromworkby Lewisandvon Elbe (ref.37) for an
equivalenceratioof 1.0arealsoineluded.It isbelievedthat
thedataof reference38 aremorenearlycorrectbecauseof
themethodused(describedinref.39).

Thestraightlinesin figure13show-that

dqaP+ (3)

Thepressureaxponentz varieswithhydrogenconcentration.
Thedataof reference38givethefollowingpressuredepend-
encies:For P=O.5,z=l.051; for p=l.0, z=l.138; andfor
p=2.o, X=l.097.

Ei7ectof temperature.—No data are availableon the
temperaturedependenceof quenchingdistanceforhydrogen-
airmixtures.How-ever,it maybeassumedthatthequench-
ingdistancedecreasesasthetemperatureof themixture(and
of thesurface)is raised;in otherwords,theflumeswillbe
able to passi%ro~~hsmalleropenings. This’statementis
basedbothontheory(ref.40)andonthebehaviorobserved
forpropane-airtkuhes(ref.41).

E-Eectof natureof quenohingsurface.-No appreciable
effectof thenatureof thesurfaceonquenchingdistancehas
everbeenfound. In an attemptto observea changefor
hydrogenflames,Friedman(ref.8) linedhisapparatuswith
platinum,whichis an eilicientcatalystfor hydrogenatom
recombination.No eilect was found for the hydrogen-
oxygen-nitrogenmixtureused.

Flametraps.-In thequencl+ng-distanceexperimentsjust
discussed,there-wasno largepressuregradientdrivingthe
flameandhotgas,andtheflamehadtopropagateonitsown
throughthe co~trictedspace. In practicaloperatiobthe
situationis often quite diilerent. For example,a flame
travelingthroughalongductiilledwithcombustiblemixture
maybuildup‘a largepressure,andtheflamemaybe driven
through a gap narrowerthan the quenchingdistance.
Flametrapsare commonlyusedto protectsuchsystems.
For hydrocarbon-airmixturesfine-meshscreensare often
used;hydrogenflameaaremored.illicultto quench,however,
andothermethodsarenecessary.

Thevalueof sinteredmetaIsasflametiapswasstudiedin
the work of reference42. Thesetrapswereable to stop
flamesinstoichiometrichydrogen-oxygenmixtures,andthus
would be even more effectivewith hydrogen-airflames.
Alsoimportarkisthefactthatthesintered-metaltrapscause
surprisinglysmallpreswredrops. -

The resultsof reference42 arereportedin termsof the
limitingsafepresureabelowwhichthetrapwillalwaysstop
theflame. A sinteredbronzedisk0.235inchthick,witha
statisticalparticlesizeof 0.01575inchanda porosityof 29.6
percent,gavea limitingsafepressureof morethan1 atmos-
pherefor stoichiometrichydrogen-oxygenflames. Little
correlationwasfoundbetweenflame-tiapeffectivenessand
porosity,but therewasa gainin effectivenessas the disks
weremadethicker. Sinteredbronzewasmoreeffectivethan
sinteredstainlesssteel.

Theworkof reference42wasof a preliminarynature,and
it is not clearhowspeciiictheresultsmayhavebeento the
particularapparatusused. It appearsat presentthat the

—
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onlysurewayto designaflametrapfor agivenhydrogen-air
systemisby meansof testsonafull-scalemodel. A wordof
caution:Thesesintereddisksarej?amestoppers,and they
maynotbeeffectiveagainstdetonations.(Detonationwaves
andthetransitionof flamesto detonationsarediscussedin
a latersection.)

FLAMMABILITYL-S
Therichandleanflammabilitylimitsarethefuelconcen-

trationsthatboundtheflammablerangeatagiventempera-
tureandpressure.Mixturescontainingmorefuelthanthe
richlimitor lessthantheleanlimitwillnotsustaina flame.
No extensivesurveyof flammabilitylimitswasmadefor the
presentwork,sincethishadalreadybeendoneby Coward
andJones(ref.43).

Flammabilitylimitsshouldbe physiochemicalconstants
of afuel-oxidantcombinationandshouldbefkeeof apparatus
effects. However,wall-quenchingmay have an effecton
flammabilitylimits. It wasthereforedestiedto delaycon-
siderationof the subjectuntilflamequenchinghad been
discussed.

In the usualmethodof measuringflammabilitylimits
(ref.43), mixturesareignitedat one endof a tubethatis
wideenoughto precludequenchingby an ignitionsource
strongenoughto ensurethatit is not the limitingfactor.
Thetubeis quitelong(about4 ft) so thattheobservercan
be suretheflamedoesindeedpropagateon its ownandis
not drivenby excessi=+itionenergy. If theflametravels
thefull lengthof thetube,themixtureis consideredflam-
mable. Variousmixturesaretesteduntiltheflammability
hm.itsaredefined.

t Eifeotof directionof propagation.-The flammability
limitsfor mostfuelsvary, dependingon whethertheyare
measuredfor upward-or downward-propagatingflames,
becauseconvectionassistsflamestravelingupward. For
instance,theleanandrichlimitsof methaneare:upward,
5.3and13.9percentby volumein air; downward,5.8and
13.6percentby volumein air (ref.43). For hydrogenthe
behavioris different. The rich limit of hydrogenis the
samefor both directionsof flametravel,74 percentby
volumein air (ref. 43). The lean limit is affected,but
not in the usualway. It is 9.o percentfor downward
propagation(ref.43),whereasfor upwardpropagationthere
are two lean limits. One of themis calledthe limit of
coherentflames;it is 9.opercent(ref.44) andis theleanest
mixturethatburnscompletely.Leanermixturesdownto
the noncoherentlimit of 4.o percenthydrogen‘=re still
flammable(ref.44),but theflamek madeup of separated
globulesthat slowly ascend the tube. Althoughthese
globulesdo not consumeall thefuel,theyhaveto be reck-
onedwithforsafety. Thenoncoherentflamesoccurbecause
of the high ditl%sivityof hydrogen;it appearsthat the
flameletsactuallyconsumea rhixturericherin hydrogen
thantheOribtialmixture(refk37and43).

Flammablerange,-The flammablerange(i. e., the dif-
ferencebetweenthe rich-andlean-limitconcentrations)is
exceptionallywide for hydrogen. Coherentflanm can
propaggtein leanhydrogen-airmixturesdownto 9.o mole
percentfuel, as ahwidystated. This is an equivalence

ratioof about0.24,as comparedwitha leanflammability
limit of about p=o.5 for most hydrocarbonfuels, The
very‘highrichlimit,74percentor p=6.8, is alsooutstand-
ingly ditlerenthorn thosefor most ordinaryfuels. From
figure2, it maybe seenthatthelean-andrich-limitflamo
temperaturesare about 1000°and 1200°K, respectively,
whicharevaluesmuchlowerthanthosefor hydrocarbons
(ref. 44). Egertonsuggeststhat theseeffectspeculiarto
hydrogenareduetothehighconcentrationof activeparticles
andtheirhighmobility(ref.44).

Recommendedlimitsat atmospherictemperatureand
pressure.-b shownby thedatacollectedin reference43,
the variousworkers‘who have usedthe acceptedmethod
agreewithoneanotherquitewell. It is thereforeunneces-
sary to make any furtherrwwesmentof the data, Tho
followingtablegivesrecommendedflammabilitylimitsfor
hydrogenin airatatmosphericpressureandabout3000°K:

Flammabilitylimits,vol-
ume percenthydrogen
in air

I t I

Upwardpropa ation
tCoherent ame “9.0 b74

Noncoherentflame ’40
Downwardpropagation b9. O b74

1 1 1

.Re144, bRaL 43.

For hydrogenburningin pureoqgen theleanlimitsare
aboutthe sameand.behavein the sameway as thosefor
hydrogenin air. Therichlimitfor upwardpropagationis
93.9percent(ref.43).

RfFectof mixturetemperature.-Theflammablerangeis
widenedby heatingthe unburnedmixtures. That is, the
leanlimitoccursat lowerconcentrationsandthorichlimit
at higherconcentrationsas the mixturetemperatureis in-
creased. Thedataof White(ref.45),whichareconsidered
mostreliableby CowardandJones,areplottedin figure14.
Thesearelimitsfor downwardpropagation,so thatthelean
limitsreferto coherentflames. TheYeis a linearchrmgein
the limitswithmixturetemperature,andthe rich limitis
somewhatmorestronglyailectedthanthelean. Fromfiguro
14andtheflametemperaturesof ilgure5,it canbeseenthat
therichlimitfor allmixturetemperaturesoccursfor mk-
tureshavinga newly constantflametemperatureof.about
1300°K. The lean-limitflametemperatureis lowerbut
morevariable;forT0=3000K, itis1060°K; andforT0=600°
K, it is 1140°K.

EiTectof inertdiluents.-Byadditionof enoughinertgas
to a flammablehydrogen-airmixture,the rnkturecan be
dilutedto nonfhmunability.Figure15showsthelimitsas
a functionof the amountof carbondioxideor of added
nitrogenin air (ref.43). Therichlimitis sharplydecleased
as inert gas is added,whereasthe lean limit is scorcoly
changed. Fromthecoordinatesof the “nose” of theourve
it maybe calculatedthatno mixture-ofhydrogen,air,and
nitrogencan propagateflameat atmospherictemperature
and pressureif it containsleasthan4.9 percentoxygen;
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HydrogenIn oir, percentby volume

~IGUR?J14,-)hTeotoftemperatureonflammabilitylimitsofhydrogen
inairfordownwardpropagation(ref.45).

similarly,no mixtureof hydrogen,air,and carbondioxide
crmpropagateflameif it contati le9sthan7.5percentoxy-
gen. It thustakesmorenitrogenthancarbondioxideto
preventflumepropagation,presumablybecauseof thegreater
heatcapacityof thelatter. Watervaporbehavesapproxi-
matelylikecarbondioxide,eventhoughit is a productof
combustion;theoxygenlimitin thiscaseis about7.5per-
centat86°~ (ref.43).

Otherdiluentsaremuchmoreeffectivethannitrogenor
carbondioxidein reducingflammability.“Air” containing
14,8percentmethylbromideor 39percentdichlomdifluoro-
methanecrmnotform flammablemixtureswith hydrogen
(ref.46). Suchcompoundsmayinterferechemicallywith
combustionreactionsandshouldnot be consideredmerely
inertdiluents.Reference43warnsthattheresultobtained
with methylbromidemay not apply in practice,because
some fixtures of methylbromideand air are themselves
fkunmablewitha sufficientlystrongignitionsource.

Effeotof pressuresbelow 1-atmosphere.—Cowardand
Jones(ref.43)summarizedtheliteratureoneffectsofreduced
pressureon flammabilitylimits. They observedthat the
flammablerangenarrowedas the pressurewas reduced,
graduallyat first,andmorerapidlybelow200or 300mill-
imetersof mercury. A minimumpressurewas reached,
belowwhichno mixturepropagateda flame. It is now
knownthat such resultsare due to wallquenching.As
shownin thesectionon quenchingdistance,thewallsexert
a largereffectat low pressures.It hasbeenfoundthat a
plotof “flammabilitylimit”againstpressureismerelyacurve
showingthe concentrationsand pressuresfor which the
quenchingdistanceisequalto thediameterof theflametube
(ref.47).

In otherwords,it appearsthattheflammabilitylimitsare
unchangedatreducedpre.ssnreaandthatflamecanpropagate
downto extremelylow pressuresif theflametubeis large
enough. For example,GarnerandPugh (ref.48) founda
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Fmmm 15.—Flammabilitylimits of hydrogenin air dilutedwith
“nitrogenor carbondioxide(ref.43).
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limitof4milliietemof mercuryforhydrogen-oxygenflames
in a 10-centimetertube. Presumablythis trend would
continueto stilllowerpressureswithlargertubes.

The pressure-concentrationboundaryfor flamepropaga-
tionimposedby quenchinginaparticulartubeisoftenuseful
for practicalapplications.Althoughsuch data have not
beenmeasuredfor hydrogen-airflames,theymay be esti-
matedfromquenchingdistances.Figure16showseetimated
curvesfor downwardflkmepropagationin cylindricaltubes
from0.02to 20inchesin diameter.The curveswerecon-
structedhornthequenchingdistancesof reference38 (meas-
uredwithparallelplates)multipliedby a geometz-icalfactor
of 1.53(ref.36)to convertthemto quenchingdistancesfor
CJiiIKhiCfd tubes. Flamesare expectedto propagateat
pressuresaslowas2to 3millirnetemofmercuryina20-inch-
diametertube(@g.16). Someof thecurvesareextendedto
richandleanmixturesto illustratetheprobablebehavioras
therich andleanflamiabilitylimit-sareapproached.An
estimatedcurveis alsoincludedfor upwardpropagationof
noncoherentflamesin leanmixturesin a 2-inch+diameter
tube. Although@e 16representsthebestestimatesthat
canbe made,it is emphasizedthatthecurvesfor thelarger
tubediameterswereobtainedfromlongetiapolationsof the
dataof reference38.

Effectof pressuresabove1 atmosphere,-’l%eeffects‘of
highpressureonflammabilitylimitsarenotwellestablished.
Thedatasurveyedinreference43indicatethattheflammable
rangeisnm.rmvedby thefirstincreasesin pressure,perhaps
up to 5 atmospheres;thereafter,the rangeis gradually
widened. In any event, the effectsappearto be small.
At pressuresashighas100atmosphere=,thelimitsarenot
muchdifferenthorntheatmosphericvalues.

SPARKIG~ON ENERGY

The modernmethodof meastii sparkignitionenergy
wasdesignedmainlybyLewisandvonElbeandis discwpd
fully in reference37. A measuredamountof- electrical
energyin theformof a shortiurationcapacitancesparkis
introducedvery rapidlyinto a mixtureof givenpressure,
temperature,and compositionand with a givenelectrode
separation.Thesmallestenergythatwillignitethemixture
is found, and the processis repeatedfor otheralectiode
spacingsto findthegapfor whichtheenergyis least. The
dataaremorereproducibleif theelectrodesareflangedatthe
tipswitha dielectricmaterial Thenthespacingfor minim-
um ignitionisequalto thequenchingdistance. Lewis.and
von Elbe werethefirstto recognizetheimportanceof the
quenchingeffectin suchmeasurements.

Theignition-enexgydatato be discussedwereallobtained
by thegeneralmethodjustdescribed. However,theyrep-
resentidealconditionsthatarenot metoutsidethelabora-
tory; therefore,one shouldnot expectthe smallenergies
foundundertheseconditionsto be sticient for practical
ignitionsysteme. For instance,the gap of a sparkplugis
tied sothatitmaybelemthanthequanchingdistanceunder
somecondition(althoughignitionisstillsometimespossible
if enoughenergyis expendedto heattheelectrodesandto

increasethe volumeof the discharge).Furthermore,the
laborato~ measurementsaremadein quiescentmixtures,
whereasinpracticalcasesthegasisuaudlymovingandmay
be turbulent. Finally,the sparkdurationmay affectthe
enprgyneededfor i@tion. No work is lmownto have
beendoneon the effectsof flowvelocity,turbulencelevel,
andsparkdurationonignitionenergiesof hydrogen-airmis-
tures. Studieswith propane-airmixturesshowthat i@i-
tionenergyincreaseswithvelocityandturbulenceintensity
(ref.49), andthesametrendswouldno doubtappmrwith
hydrogen-airmixtures. As to the effectof sparkduration,
for hydrocarbonfiels, sparkslasting100 to 1000micro-
secondsgive lowerignitionenergiesthansloweror faster
sparks(refs.49and50).

Theremainingvariablea-composition,pressure,andtem-
perature-havebeenstudiedandarediscussedin thenext
paragraph. ‘It is againpointedoutthatthesmallenergies
cited may not sufiicefor practicalcases,but the trends
shouldapply.

Effectof mixtureoomposition.-Figure17 is a plot of
ignitionenergyin millijoulesagainstfuelconcentrationfor
mixturesat atmospherictemperatureandseveralpressures
(ref. 37). The l-atmospherecurve indicatesa minimum
energyof 0.019millijonleataboutthestoichiometricrnisture
and risei steeplytowardthe lean and rich flammability
limits. By way of contrast,the ignitionenergyof a 70-

2

I
.8

.6

.4

.2

.1
.08.- ! A
.06 \ //

.04 /{

/
f

.02 1/
~ F

.0 I
o 10 20 30 4.0 50 60 70

HydrcgmInair, pe&nt ty ;~urne --

Fmmm 17.-Spark ignitionenergiesfor hydrogen-airmixturesat
variouspreseurfm(ref.37).



SURVEYOF HYDROGENCOMBUSTIONPROPERTIES 1175

percentmixtureof hydrogenin oxygenis 0.007mil.lijoule
(ref. 37), and thisis apparentlynot the minimumof the
ignition-energy-concentrationcurve.

Effectof pressure.-As thepressureis lowered,theigni-
tion eneregyincreasesrapidly,as shownby figure17. Al-
thoughtherearetoo fewpointsto deilnethecurvesclosely,
it appearsthat the minimumoccursnearstoichiometric
regardlessof thepressure.Theminimumignitionensrgies’
changeby morethananorderof magnitudeoverthepres-
surerrmgestudied.

Figure18isa logarithmiccrossplotof datafromfigure17
for threeequivalenceratios. Althoughcurvesmighthave
becmfairedthroughthedatamoreclosely,a linearrelation
wasassumedin orderto showtheaverageeffectof pressure.
Thiseffectis,approximately,

10” (4)

Datafromreference9 for stoichiometricmixturesarealso
included;thepointsarehigherthanthosefromreference37
andalsoshowa greaterpressuredependence.Thereis too
muchscatterinbothsetsof datato definetheslopesof the
linesverywell,butingeneraltheexponentz in equation(4)
htisa valueof about2.

Minimumignitionpressuresaresometimesreportedfor
variousfuels. Thesepressuresareobtainedwithfhed elec-
trodespacingsandoccureitherbecauseof quenchingeffects
or becauseof thelimitedsparkenergyavailable. In other
words,it hasnot yet beenshownthatthereis an absolute
low-pressurelimitbelow whichignitioncan neveroccur.
However,minimumignitionpressuresareof practicalvalue.
I?or example,it is possibleto ignite the most favorable
hydrogen-airmixturedownto O.O15atmosphereby useof a
gap0.28centimeterwideand8.64joulesof energy(ref.51).
This is one of the casesmentionedpreviously,in which
thequenchingeffectmaybeoverpoweredbysticient energy,
becausethegapis lessthanthequenchingdistanceatpres-
sureslessthanabout0.2atmosphere(fig.13).

Effectof temperature.-Reference52 contaiw the only
workfoundon the effectof mixturetemperatureon spark
ignitionenergy. The authorsstatethatthefollowingrela-
tionholds,exceptperhapsattemperatureslessthan243°K:

log1~ l/T. (5)

The positionof theminimumin curvesof ignition,energy
againstfuel concentrationshiftedto leanermixturesasthe
temperaturewasincreased.The followingtablegivesthe
dataof reference52forstoichiometrichydrogen-airmixtures
at a pr~ure of 1 atmosphere:

Mixture Sparkignition
tempera- energy,miUi-
ture, “K joules

273 0.0315
298 .028
373 .018
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FLAMESTABILITY

J?Iamesarestablebecauseof interactionsamongtheflame,
the flow, and nearbysolidsurfaces. If a conditionof a
stableflameseatedonaburnerportorflameholderischanged
(e. g., flofi velocity), the flamemay not remainseated.
Withburnerflames,flashbackor blowoffmay occur;with
flameson flameholdersin ducts,onlyblowoffis usuallyen-
countered,not flashback. Themechanismsof stabilization
-forthetwokindsof flamesarediflerent;thereforethedata
arediscussedseparately.

FLASHBACKANDBLOWOFFOFBURNBRPIAMIIa

Theflashbackandblowoffof burnerflamesaregovsrned
by the gradientof flow velocitynearthe burnerwall,as
pointedoutby LewisandvonElbe(ref.37). Burnerstabil-
ity dataare, therefore,usuallycorrelatedby plottingthe
criticalboundaryvelocitygradientcalculatedfor the con-
ditionsat flashbackgn or at blowoffgboagaiustfuel con-
centration.The gradientsare givenby the followingex-
pression(ref.53):

FU Re9P,bo=~ (6)

Reference53containsfrictionfactomto be usedfor various
regimesof laminarand turbulentflow. For lamiuarflow
in longcylindricaltubes,F= 16/Re;hence,

tin,dL=8u/d (7)
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Flashback.—Figure19 showsthe only data found for
flashbackof la.mimwhydrogen-airburnerflamesat atmos-
pherictemperatureandpressure(ref.54). CritieaJboundary
velocitygradientsare plottedagainstfuel concentration.
The solid curverepresentsflashbackcompletelyinto the
burnertube. The dashedcurvesrefer to casesin which
theflamestiltedandpartlyenteredthetubebeforefinally
flashingback. In these cases the burnerwall was pre-
sumablywellheated,andthusquenchingwasreducedand
theflamesweremoreproneto flashback;consequently,for
a givenmixtureandburnerdiametera higherflowvelocity
wasrequired-topreventflashbaok,andgfiLwasaccordingly
greater.

The effectsof reducedpressureon flashbaokof laminar
hydrogen-airflameshaverecentlybeenstudied(ref.27). In
thatworktiltedflameswereconsideredtohaveflashedback,
eventhoughtheyonlypartiallyenteredtheburner. Site
tiltedflamesexistedover a pressurerangeof only a few
millimetersof mercury,little errorwas incurred. Figure
20 showscurvesof g,~,Lagainetfuel concentrationfor two
reducedpressures;the atmosphericcurvefrom figure19
is repeatedfor comparison.The mfium ocoumnear
38 percent hydrogenregardlessof the pressure.The
pressuredependenceof gfiL for equivalenceratios &m
0.95to 2.25canbe expressedasfollows(ref.27):

gf&Ld’ls (8)

AU the data discussedwere obtainedwith a water-
cooledburner. If theburneris not cooled,theresultsare
not reproducibleand dependon the burnersize and the
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thicknessrmdmaterialof theburnerwall. Sucheffectswere
studiedby BollingerandEdseforhydrogen-oxygenmixtures
(ref.55).

Reference34 extendsthe studyof flashbackat reduced
pressuresto turbulentflow. Thecriticalboundaryvelocity
gradientsfor flashbackgfb,T were dc~ated by m- of
equmtion(6) by useof the appropriatehiction factor. In
figure21datafromreference34forthreepressuresareplotted
againstmole percentof hydrogenin air. Comparisonof
figure21 withfigure20 showsthat thevaluesof gfb,T we

muchlargerthanthoseof gJb,L but that the peaks of the
curvesoccurataboutthesameconcentration.Reference34
reportsthefollowingpressuredependenceof gfiT:

Within experimentalerror the exponentis the same as
thatfor laminarflwnes(eq. (8)). Therefore,the following
relationholds,regardlessof pressure,burnerdiameter,and
composition:

It is hardto e.xp]ainwhygjb,Tshouldbe almostthreetimes
as large as gmz. Turbulentb@ng velocitiesare not
enoughgreaterthanlamimwburningvelocitiesto account
for equation(10). Reference34tentativelyconcludesthat
theexplanationliesin thepenetrationof theflameintothe
laminarsublayerat the burnerwall and that the flame
approachesthewallmorecloselyinturbulenttheninltiar
flow.
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~IQUnE22.—Blowoffof hydrogen-airBunsen-burnerflammat atmo~
pheriopreawre(rofs.54and56).

Blowoff.-In figure22 the knowndata for blowoff of
lydrogen-airburnerflamesat atmosphericpressureare
Ihownasg~Oplottedagainstfuelconcentration.Thework
Wasdoneby vonElbeandMentser(ref.54),whocorrelated
,heirdata in termsof gt,.as calculatedby equation(7),
;hesimpleequationfor laminarflow. However,thepoints
iheytook in the turbulentflowregimefell off the curve.
[t waslatershownby Wohl, KappYand Gazley(ref. 56)
thatall the datawouldfallnicelyon a singlecurveif gbo
werecalculatedby the correct expression,equation(6).
[t is thelattercurvethatis reproducedin figure22. For
hminarflow, equation(7) was used;whilefor turbulent
flow,the gradientW= calculatedfrom equation(6) in the
followingform:

0.023ReO.W
9b0.F ~ (11).

Thedatacoveronlya limitedrangeof hydrogenconcen-
trations(thoselean to stoichiometnc).However,on the
basisof workwithotherfuels,the blowoffcurvefor open
burnerflamesis expectedto leveloff withincreasingequiv-
alenceratio; at somerich equivalenceratioblowoffwould
stopandwouldbe replacedby flamelifting(ref.56). This
wouldoccurbecauseof dilutionof richmixturesby ambient
air. If ambientair is excluded,as in a Smithellsburner,
the blowoffcurvepeaksat a concentrationnear that for
maximumburningvelocity,justasdoestheflashbackcurve
(seefigs.19to 21).

Furtherburnerblowoffdata,obtainedatreducedpressures
inbothlaminarandturbulentflow,arereportedinreference
34. Thesedatado not fit into a simplecorrelationwith
boundaryvelocitygradient,suchastheoneshownin figure
22. Blowoffof hydrogen-airilamesfrom bnrnemis not
fullyunderstood,andthetheoreticalmodel(ref.37),which
leadsto theconceptof a criticalboundaryvelocitygradient,
mayhaveto be modiikd(ref.34).

BLOWOFFOFCONFINEOFLAMESFROMFrAMIIHoIJ)ERs
FlamesheldOribluflbodiesin ductsowe theirstabiliw

to the recirculationzone behindthe flameholder.This
zonemaybethoughtof asa pilotthatkeepsthemainflame
establishedaslongasit is ableto ignitethemixtureflowing
past. Blowoffoccursif themainstreamflowsso fastthat
sustainedignitioncannotbe achieved. The flow velociw
atwhichthisconditionarisesdependson thesizeandshape
of theflameholderaswellas on thetemperature,pressure,
andcompositionof theincomingmixture.

Most flameholderblowoffdataarecorrelatedon a single
curveby plottingfuelconcentrationagainsta parameterof
theform

u.pp+(%’) (12)

wherez, y, and z are empiricalesponents,all positivein
sign(ref.53).

DeZubayreports.thefollowingcorrelationparameterfor
blowoffof hydrogenflamesfromdisk-typeflameholdersin
referenca57:

u.
p.74po.61=f ($9) (13)
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(Thedataarenotgiveninref.57,however.) Theworkon
whichthisparameteris basedwas done at reducedpres-
sures. Theeffectsof mixturetemperaturewerenotstudied.
DeZubuypointsout thatthemaximumvalueobtainedfor
the parameteris 11 timesas greatas the corresponding
maximumvalueforpropane-airflames,aneffectthatreflects
themuchgreaterstabilityof hydrogenflames.

Reference58,whichdealswiththeeffectsof thediameter
of wwter~ooledcylindrical-rodflameholders,found that
thereme thefollowingtwosepmateregimesof flameholder
stability:

(1) Laminar-flameregime. The compositionof themix-
ture burningin the recirculationzone behindthe flwne-
holderis affectedby moleculardiflusion. Sincehydrogen
diffusesmorereadilythu oxygen,in ccmtiastto ahnostall
ordinaryfuels,smallflameholdersactuallystabilizehydro-
gen flamesto l@her flow velocitiesthando largerflarne-
holdemata givenleanequivalenceratio.

(2) Turbulent-flameregime. At aReynoldsnumbernear
104the recirculation-zoneshearregionbecomesturbulent.
Thestabilitybehaviorof leanhydrogenflamesreverses,and
largerflameholdersbecomemore effective. Zukoski(ref.
58)concludesfromanexaminationof theliteraturethatfor
mi-xturesnearstoichiometricthe blowoffveloci~ for anY
fuelvariesapproximatelyas the squareroot of the flame-
holderdiameterin the turbulent-flameregime. His data
arenot completeenoughto supportthisconclusionfor the
speci6ccase of hydrogen-airflames;however,DeZubay’s
statementthat UboKD 74 for hydrogenflamessupported
on disks(ref. 59) is in generalagreementwith Zukoski’s
conclusion.

Thesepointsare perhapsclarifledby figure23, which
showsdataadap’tedfromreference58. It appearedthat
the blowoffvelocitiesandrod diameterscorrespondingto
low Reynoldsnumberscmildbe correlatedroughlyby the
parameterUJD+W. ~Tote the negativediameterex-
ponent,whichaggeeswiththediscussionjust givenof the
lmninar-flameregime.) This parameter-wasaccordingly
plottedagainstequivalenceratio. Soliddatapointscor-
respondto flow velocitiesand rod diaqeterasuch that
li’e>l@, andopendatapointscorrespondto thosesuchthat
Re<104. It is clearfrom@e 23 thattwoblowoffcurves
areobtained. Oneis defied by pointsfor whichRe>104,
andtheotherby pointsforwhichRe <10’.

Thefact thatflameswerestabilizedat veryleanequiva-
lenceratios(fig.23)providesaddedproofthattherecircula-
tion zone is enrichedby diilusion. The mixtureswere
homogeneousandwouldnot ordinarilybe expectedto sup-
port combustionbelowtheflammabilitylimitfor coherent
flames(i. e.,belowqsO.24~

F~e 23 alsomakesit clearthatmuchworkremainsto
be doneon theflarneholderstabilityof hydrogen-airflames;
thedataareconiinedtoleanmixturesandsmallflameholdti.
The difficultyis thattheflamesareextremelystable,and
largeair-han~mfacilitiesareneededto provideflowshigh
enoughto causeblowoff.

DETONA7TONPROPERTIES

Under certain conditions an ordinary flame traveling
through a vessel fled with combustible mixture can trans-

formintoadetonation.Thedetonationwavethenadvances
atseveraltimesthespeedof soundintheunburnedmixture.

Whereasin ordinaryflamesthereis a smallpressuredrop
fromtheunburnedto theburnedgas,in a detonationthere
is a veryconsiderablepressurerise, Thecalculatedratioof
pressurebehindthewave,in theburnedgas,to thatahead
of the wave is 18 for a stoichiometrichydrogen-oxygon
mixtureand about 15 for a stoichiometrichydrogen-air
mixture(ref.37,p. 607). Moreover,thereis a strongcon-
vectiveflowof burnedgasfollowingthewave. Wlmnsuoh
a pressurewavemeetsan obstacle,themomentumof the
burnedgM is addedto thepressureeffect,andvery large
forcesmaybe exerted.

Thereasonsforthetransformationfromordinaryburning
to detonationarenotfullyunderstood.In theusuallabora-
toryexperimentsthestrengthof theignitionsourceandthe
diameterandsurfaceroughnessof thotubeaffecttherunup
distance(thedistancefromtheigniterat whichdetonation
occurs). Thesevariablesare,therefore,carefullycontrolled.
The flame,ignitedwith a minimalignitionsource,must

a considerabledistancein a smoothtube before
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detonationoccurs. For a stoichiometrichydrogen-oxygen
mixture,for example,theflamemusttravel70 centimeters
in ~25-millimetertubeataninitialpressureof 1atmosphere
(ref.37,p. 688). Therunupdistancedecreaseswithincreas-
ingpressure.

In practicalcases,however,thesedistancesprobablydo
not apply. Excessignitionenergymay tendto drivethe
flame,androughwallsmaycausethegasflowingaheadof
it to becometurbulent.Bothfactorswouldtendto shorten
thedistanceforrunupto detonation.Thus,oneshouldnot
countona definiterunupdistance;it issaferto assumethat
thepossibilityof detonationalwaysexistsif themixtureis
withinthe limitsof detonability.However,the omet of
detonationcouldbe delayedby makingthetubewallsof an
acousticallyattenuatingmaterial,such as poroussintered
bronze(ref.60). Therunupdistancecouldbe increasedby
asmuchasa factorof 2. Anothersafetydeviceis a suddan
enlargementin a duct, Reference61showsthatdetonation
waves travelingthroughstoichiometichydrogen-oxygen
mkturesin a 7-miUimetertubeweretransformedto slow-
movingflameson passingan abrupttransitionto a largar
tube. However,if thelargertubewerelongenough,a new
tmnsitionto detonationwouldsubsequentlyoccur.

Figure24showsdetonationvelocitiesin hydrogen-airand
hydrogen-oxygenmixturesplottedagainstfuelconcentration
(ref.37, pp. 585and586). The limitsof detonabilityare

I I I I I I I I I

Hydrogen,percentby volume

FIctuRE24.-Detonation velocitimof hydrogen-airand hydrogen-
osygenmisture9(ref.37).

alsoshown. For hydrogen+rmixturestheseare18.3and
59.opercent,andfor hydmgen+mygenmixtures,15and90
percent. Sincetheseconcentrationsare withinthe flam-
mabilitylimits,not all flammablemixturesare detonable.
It isinterestingtonotethatthedetonationvelocitydoesnot
havea pronouncedpeakatsomefavoredequivalenceratio,
asburningvelocitydoes.

It is alsonoteworthythat detonationvelocitydepends
muchlesson temperatureandpressurethandoesburning
velocity. Thiscanbe seenfromthe datain tableIV (ref.
37,p. 583). A temperatureincreasefrom283°to 373°K
at constantpressureactuallycausesa slightdropindetona-
tion velocity,perhapsbecausethe densitydecre~es. At
constanttemperaturethe velocity apparentlymcxeases
slowlywithpressure. The sameconclusionis reachedin
reference62, whichextendsthe studyof hydrogen+~gen
mixturesto a pressureof 10 atmospheres.The changes,
althoughconsistentin direction,are not far outsidethe
expectederrorof themeasurwnent.

EXPLOSIONLIMITS, SPONTANEOUSIGNITION, AND THE
CHEMISTRYOF J=DROGEN OXIDATION

EXPLOSION~

Descriptionof phenomenon,—1’t’henheatedto a high
enoughtemperate, a mixtureof hydrogenand oxidant
mayspontaneouslyigniteafterthelapseof sometimecalled

FIGURE~.—hplosion fits of etoichiometriohydrogenmixtures
(ref.37).
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theignitionlag. Butwith certaincombinationsof pressure
andvesselsize,themixturemayfailto igniteat a tempera-
turethatwouldcauseignitionunderotherconditions;this
is the phenomenonof esplosionlimits. It is not in the
provinceof thisreporttogivea thoroughreviewof explosion
limits;thishasbeendoneelsewhere(e. g., ref.37). In the
presentreportthephenomenonis described,somedataare
shown,and someof the importantconclusionsas to the
chemistryof hydrogenoxidationarep=esented.

ExTlosionlimitsaremeasuredinclosedvesselsatrelatively
low temperatures(usually600° C or less). The ignition
lagsarere=onablylong at suchtemperatures;in fact, as
is pointedoutlater,i=g.itionlagsareeffectivelyinfinite.

Figure25is a colldion of curvesof explosionlimitsasa
functionof temperatureand pressure(ref. 37). Consider
thesolidcurve,whichisforastoichiometrichydrogen-oxygen
mixturein a sphericalvessel7.4 centimetersin diameter
lightlycoatedwith potassiumchloiide. Along a vertical
lineof constanttemperaturethereis at firstno explosion.
Thenatsomelowpressurethetlrstexplosionlimitisreached,
andthemixtureremainsexplosivewithincreasingpressure
untilthesecondlimitisreached. Abovethepressureof the
secondlimit (whichincreaseswithincreasingtemperature)
themixtureisnonexplosiveandonlyundergoesslowreaction
upto thepressureof thethirdlimit. At allhigherpressures
them.ktnreremainsexplosive.

Thiscurverepresentslimitsin thefollowingsense:If data
weretakenataseriesof temperaturesandconstantpressure,
as alongthe1000-millimeter-of-mercuryisobarof figure25,
the ignitionlagswouldincreasemoreandmorerapidlyas
thetemperaturewasdecreasedtoward542°C. Theselags
referto the timefrom theinstantat whichmixtureis in-
troducedintothehotvesseluntiltheexplosionoccurs. Near
thetemperatureof thelimitthelagswouldgoupveryrapidly
from a finitevalueat a temperaturejust over 542° C to
effectivelyan in6nitevalue at a temperaturejust under
542°C. Sincethesystemis closed,whatreallyhappensis
thatbelowa criticaltemperaturethereactantsareusedup
anddilutedwithproduct(water),andtheseeffectsoverpower
thosedueto accelerationof thereactionby self-heatingand
chain-branching.

Effectsof variableson explosionlimits.-ExplosionLimits
dependon thesizeof thevesselandthenatureof thewalls.
This is indicatedby the dashedcurvesin figure25. The
largerthevessel,thelowerthepressureof the thirdlimit.
The junctionof the fit andsecondlimitsis displacedto
highertemperaturesas thew%s.elis madesmaller. Along
thesecond-limitcurve,vesselsizehaslittleeffectif thediame-
terislarge(7.4to 10cmforthedatashown),butthepressure
is decreasedconsiderablyfor smallvessels.

The effectsof surfacecoatingwithvarioussaltsarevery
pronounced,especiallynear the junctionof the first and
secondlimits. For example,thisjunctionoccursfor a 7.4-
centimetarflaskatabout340°C if thewallsarecoatedwith
potassiumtetraborateand at 400” C if they are lightly
coatedwithpotassiumchloride.

If nitrogenisaddedto thestoichiometrichydrogen-oxygen
mixtureso as to makethemixturestoichiometrichydrogen
in air, the secondlimit in a 7.4-centimetervessel (with
sodiumchloridecoating)at 530°C is raisedfrom85 to 117
millimetersof mercury. The molefractionof nitrogenin
such a mixtureis 0.558. Otherinert gasesin the samo
amounthavequited.Herenteffects. In argon‘tair”under
the sameconditionsthe limitis raised”to about160milli-
metersof mercury. In carbondioxide“air” the effectis
‘reversed,andthesecondlimitis loweredto 56 rnillimetem
of mercury. The specificeffectsof theseinertgasesare
clearerif thepartialprewmresof hydrogenandoxygenin the
mixturesarecompared,ratherthanthetotalpressures.On
thisbasis,argonhasno speciiiceffect,becausethopartial
pressuresof hydrogenand oxygentotal 85 millimetersof
mercury. Nitrogenand carbondioxideboth reduce the
partialpressureat thesecondlimit,nitrogen,from86 to 66
millimeterof mercury,andcarbondioxide,from86 to 31
millimetersof mercury.

In view of the very complicatedbehaviorof exTlosion
limitsandtheirsensitivityto surfaceeffects,it is difficultto
answerquestionson safety. For example,the question
whetherit issafeto heatastaticmixturetoagiventempera-
tureshouldbe accompaniedby a statementof thepressure,
vesseldiameter,andsurfacenature. Even then,it is un-
likelythatany experimentaldatawillbe foundto answer
practicalquestionsdealingwithmetalcontainerandwith
theprecisemixtureunderconsideration.Thedatainfigure
25do no morethansetveryappro.xhnatebounds,

CHEMISTRYOFHYDROGENOXIDATION

The compl~xbehaviorof ‘qlosion limitshasbeenused
to establishthe detailsof theoxidationof hydrogen. Tho
fullstory.is not givenhere,but maybe foundin references
37 and 63. The basicfact is that the oxidationreaction
proceedsby a chainmechanism,with the hydrogenand
oxygenatoms (H and O) and the hydrox~lfree radical
(OH)aschaincarriers:

OH+H ~’r—}H20+H

h
H+ 0,~ OH+O

t,
O+H,—} OH+H

The OH radicalsthat start the sequence

(I)

(II)

(III)

are assumed10
ariseby a reactionbetween01andHS,thedetailsof which
arenotspecitled(ref.37). Theradicalsleaddirectlyto the
iinalproduct,water,andin so doingproducea hydrogen
atom. This starts chain branching(reactions(II) and
@f)) in whichtwochaincarriersareproducedfor eachone
usedup. If left unchecked,chainbranchingwill lead to
anexplosionthroughanexponentialgrowthin chain-carrier
concentration,andhencein reactionrate. Actually,remc-
tion (D) is stronglyendothermicand occursvery rarely
untila snfiicientlyhightemperatureis reached. It is for
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this reasonthat hydmgen+xygenmixturesare stableat
roomtemperature.

Chain-breakingimposesanothercheckon theexponential
increasein chaincarriers. H, O, andOHmaybe destroyed
if theymeeta wall. Thisis thereasonfor theexistenceof
thefirstexplosionlimit. It occursatpressuresso low that,
on theaverage,a chaincarrierstrikesthewidlbeforeit has
a fruitfulcollisionin thegasphase. However,if thewall
reflectsratherthandestroysthe chaincarrier,the limitis
shifted;thisexplainsthedependenceon surfacenature.

Chaincarriersarealsodestroyedin thegasphase. The
mechanismisprobablyasfollows:

kd
H+ O,+M~ HO,+M (Iv)

whereM is anymoleculeotherthana chaincarrier. H02,
whilereactive,still can survivelong enoughto reachthe
wall,whereit maybe destroyed. The frequencyof these
three-bodyreactionsincreaseswith increasingpressure,
until at some criticalpressurethey overcomethe chain
brrmchingandtherebyproducethesecondexplosionlimit.
Sincethe secondlimitis causedby gas-phaseevents,it is
relativelyinsensitiveto vesselfactors;but therearesome
effectswhenthewallis reflectivetowardHOaandreturns
it to thereactionzone.

The mixtureagainbecomesexplosiveat the thirdlimit,
wherethe pressureis so highthatHO~cannotget to the
wallbeforereacting. It is likelythatthereactionof HO*
in thegasphaseis

k~
HOZ+HZ~H,Oz+H (v).

(ref. 37). This reactionrestoresthe chainwyrierlost in
reaction(IV), andchainbreakingcanno longerovercome
chainbranching.

Thisbriefdiscussionexplainsqualitativelythe existence
of e.splosionlimits,butisnot completeenoughto explainall
the detailsof the observedeffects,particularlyof surface
effects. The argumentsmay be summarizedby stating
thatexplosionlimitsarisebecauseof competitionin thegas
rmdat thewallbetweenreactionsthatinactivatethechain
carriersH, O,andOHandthosethatperpetuatethecarriers
andincreasetheirnumber.

SPONTANEOUSIGNITION
Relationbetweenspontaneousignitionandexplosionlim-

its,—lhthediscussionof explosionlimits,it is pointedout
thatthelimitcouldbeobtainedhmmthevariationofignition
lagwithtemperatureatconstantpressure.Thiswouldbea
spontaneous-ignitionexperiment. In other words,spoq-
taneous-ignitiontemperatureslie in the region to the
rightof ane.splosion-limitcurvesuchasshownin figure25.

Ingeneral,modernworkonspontaneous-ignitiontempera-
tures(to whichthisreviewis limited)hasdealtwithcondi-
tionsthatgive shortignitionlags. Therefore,it hasbeen
necessaryto useflowsystemsratherthanthestaticclosed
systmnsusedin thestudyof explosionlimits,in whichthe
timeneededto admitmixtureto thehotvesselbecomeslong

comparedwith the ignitionlag. For everyspontaneous-
ignitionapparatusthereshouldbe a particularexplosion-
limitcurvefor a givenhydrogenmhrture,iixedby thesize,
shape,andmaterialof construction.Thecurvesareseldom
determinedin practice,so spontaneous-ignitiondata are
takenat conditionsremovedanunknowndistancefromthe
limitcurve. Thus,thecontributionsof thevariousgas-phase
andsurfacereactionsto thespontaneous-ignitionprocessare
hardto estimate,eventhoughthechemistryisno doubt.the
sameasit is at theexplosionlimits.

Insummary,explosionlimitsaredeterminedby thebalance
betweenchain-breakingand-branchingandareindependent
of time. Spontaneousignition,on theotherhand,is a rate
processthatmaybe affectedto a greaterorlesserdegreeby
chainbreakingor chainbranching,dependingon theappa-
ratus,thepressure,andthetemperature.

Theoreticalconsiderations,—Thecomplexityof thechem-
istryof spontaneousignitionhasled to attemptstosimplify
the concepts. The generalprocedureis to considerthe
processasa wholeandto ignoretheindividualstepsof the
reactionmechanism;this type of approachhas recently
beenreviewedin reference64. For the hydrogen-oxygen
reactionone mighthope that the reactionrate couldbe
expressedin thefollowingArrheniusform:

()
@=plJ’[oJ%%q–;T (14)

(Chemicalsymbolsinbracketsdenotemolarconcentrations.)
The reasonableassumptionis thenmadethat the ignition
lagis inverselyproportionalto thereactionrate:

Tc@ (15)

Eromequations(14)and(15)thefollowingrelationmaybe
obt~ed:

in7=.~T–x in ~J–y in [02]+Constant (16)

If the concentrationsare convertedto moleculesper unit
volumeby meansof the gas law, the expectedpressure
dependencemaybe found:

In-gT– (z-l-y)h P+ (Z+y)h !i!’+cmstant (17)

Equation(17)holdsfor a givenmixture.
Equations(16)and(17)arereallylittlemorethanguides

for handlingsporitaneous-ignitiondata;they showhow to
plot the resultswith a reasonableexpectationof getting
straightlines. Furthermore,if a plot of in T against 1/2’ is

linear,itsslopehasthevalueIi@; hence,theslopeyieldsan
over-allactivationenergy,but thisvaluecannotbe related
to the real chemistryof the processwithoutfurthercon-
sideration.

The procedurejust describedis aboutall one can do on
theoreticalgroundswithmostfuels,becausethecombustion
chemistryis poorlyunderstood.But hydrogenis one of
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thefewfuelsforwhichthechemistryisknown;thereforethe
theoryof spontaneousignitioncanbe elaborated.This is
donein thefollowingparagraphs;whichgivenewinterpreta-
tionsof theeffectsof tempwature,pressure,andconcentra-
tionon spontaneous-iggtionlagsof hydrogen.

Reactions~) to ~ representonly a partof the total
mechanismoperativeat the explosionhmit~ The surface
chemistryis left out altogether.But for a homogeneous
reactionunderconditionswherethewallsareunimportant
(i. e., atrenscmablyhighpresums),theseequationsmaybe
suiiicientto describethereaction.

The over-allreactionrate u is therate of formationof
water:

a=d~30]/dt

Fromreaction(I),

d~,O]/dt=kJH,][O~

Aftera shortinductionperiod,therateof

(18)

(19)

waterformation
attainsa steadystate,andOH concentration
37,p. 10)

[oHl= i

~lm91(1–a )

Combiningequations(19)and(2o)gives

d~,O] i
7= 2~——

1 k,[ikq

becomes(ref.

(20)

It isnextassumed,asbefore,thattheignitionlagisinversely
proportionalto the over-allrate (eq. (18)). The following
relationis obtained:

(22)

The natureof theinitiationreactions,whicharelumped
togetherin the termi, is fairlywellunderstood(ref. 37,
p. 42). If they are introducedexplicitlyinto the simple
schemeofreactions(I) to (TV),thecalculationsbecomev6ry
complicated.For thepresentpurposeit is snflkientto use
thepressuredependenceof therateof initiation,andthisis
knownfromexplosion-limitworkto be at leastasgreatas
secondorder(ref.37,p. 37). Therefore,it is assumedthat

or (23)

whereQ(5!’)is a proportionalityconstantdependenton
temperature.The concentration[M_J,whichrefersto any
of themoleculesof themixture,is directlyproportionalto
thepressureandinverselyproportionalto thetemperature:

[~=~ ; (24)

‘iThenequations(23)and (24)arecombinedwithequation
(22),thefollowingexpressionis obtained:

COMMFPTDEFOR A13RONAUTI08 i

“=.,32+29 - ‘2’)

InthisequationthetermsG(T),k~,andk’ areallfunctionsof
temperake. If thetemperat~eb heldconstant,thevmia-
tionof ignitionlagwithpressuremaybeinvestigated.Equa-
tion (25),in thatcase,takeathefollowingform:

K, K,
‘=P F (2(3)’

Differentiationof equation(26)withrespectto pressure
showsthatthecurveof ~againstP haseither&maximumor
a minimumattheplacewhere

~=3Ks
2K1 (27)

DiilerentiationasecondtimeshowsthatatthisvalueofP the
secondderivativeis negative. Therefore,the curve of T

againstP at constanttemperatureshouldhavea maximum.
Ofcourse,thepressureat whichthemaximumoccurscould
not be calculatedunlessthe valuesof the constantswere
lmowll.

Someremarksmay alsobe madeaboutthevariationof
‘ignitionlagwithtemperatureat constantpressure.Equa-
tion (17), derivedfrom the simplifiedconceptsdiscussed
fit, predictsa linearplotof in 7 against1/2’with a slope
E/R. Qlatameusuallytaken overtoo smalla temperature,
rangeto showanyeffectof theothertemperature-dependent
termin equation(17).) Laterin thisreportit is shownthat
spontaneous-ignitiondatado conformto thissimplerelation.
Examinationof equation(25),showsthat,in orderthatthe
@ear relationhold,thesecondterminsidetheparentheses
shouldbe relativelyindependentof temperature.Then,

(28)

Sincethe factorG(T) expressesa chemicalrate,it maybe
expectedto vary as .mp(-E/RT).The observedrelation
thenfollows. The advantageof this treatmentis that it
focusesattentionon thereactionwhoseactivationenergyis
actuallyobtainedfromtheplot of in ~ against1/2’;thatis,
on the chain-initiationreaction,not on thepropagationor
chain-breakingreaction. I?hysicdly,it is logicalthat this
shouldbe so in a spontaneous-ignitionprocess.

Finally,theexpecteddependenceof ignitionlagonhydro-
genconcentrationmaybe discussed.Theapprosirnaterela-
tion(eq.(28))isused. Siice c,(T) isrelatedto thechmnical
rateexpressionforthechain-initiationprocess,G(T)depends
not only on temperaturebut alsoon concentration.Once
again,the dependencecannotbe statedexplicitlybecause
thecompletechemicalmechanismhasnotbeenused. How-
ever,explosion-limitstudiesshowthattherateof initiation
increasesstronglywith increasinghydrogenconcentration
anddependshardlyat allon oxygenconcentration(ref.37,
p.40). Infact,oqgen seemstobesimplym inertdiluentas
far as chaininitiationis concerned.Therefore,ignitionlag
shoulddecreasesharplywithincreasinghydrogenconcentrw
.tion. \
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Themainconclusionsof theextendedtreatmentof spon-
trmeousignitionof hydrogenbasedonrealreactionhinetim
maybesummmizedasfollows:

(1) The cuiveof ignitionlagagainstpressureat constant
temperatureshouldshowa maximum.

(2) Theobservedlineardependenceof in r on l/T shows
thatthechain-initiationprocessis dominantinspontaneous-
ignitionexperiments.Activationenergiesderivedfromsuch
plotsapplyto theinitiationprocess.

(3) Ignitionlagsshoulddecreasesharplywithincreasing
hydrogenconcentrationand should show little, if any,
dependenceon oxygenconcentration.

Souroesof spontaneous-ignitiondata.—Thesubjectof the
spontaneousignitionof hydrogenisaveryoldone,butmuch
of theearlierworkis onlyqualitative.Thefollowingpara-
gmphaconsiderthemorerecentworkcontainedinreferences
66 to 68. Despite the extensivework on spontaneous
ignition,even the data from recentsourcesare strongly
dependenton apparatus.Therefore,datafor a particular
applicationarebestchosenfromworkdonein amannerthat
resemblesthepracticalsituationinquestion.Forthisreason
thegeneralfeaturesof theexperimentsreportedinreferences
65to 68axedescribedhere.

References66and66reportstudiesat lowertemperature
andlongignitionlags(0.1to 10see). Thedelayswerethere-
foremeasureddirectlyandreferto thetimefromtheinstant
of misingof hotstreamsof hydrogenandoxidantto thein-
stantat whichflameappeared.References67and68cover
spontaneous-ignitiontemperatureshighenoughto giveigni-
tiondelaysin themillisecondrange. In thesecasesstable
flamefrontsweroformedin theducts,andthelagswerecal-
culatedhorntheknownaverageflowvelocityand the dis-
tancefrom a zero-reactionpoint to the flame. The high
spontaneous-ignitiontemperaturesareprobablynottheonly
causeof theshortlagsreportedinreferences67and68; the
presenceof theflamemayaIsohavehadaneffect.

Othersourcesof discrepancyarethedegreeof mixingand
the methodof heating. In the work of reference67 the
hydrogenwasinje;tedintoanairstreamheated(andvitiated)
by preburningupstream.In theworkof reference65 the
fuel and air wereheatedseparately,andno specialeffort
wasmadetoproducerapidmixing. Inreference66thegases
wereheatedseparatelyandrapidlymixed. Andin thework
of reference68 a premixedstreamwasheatedto a static
temperaturebelow the spontaneous-ignitiontemperature
andthenpnssedintoa diffuser,wheretheincreasein static
temperatureand pressurecausedreactionto start. The
zero-reactionpointin thiscasewasarbitrarilychosenasthe
difhserexit.

Effeotof temperature.—Ithas alreadybeenpointedout
thatsimpletheoryanticipatesa linearrelationbetweenthe
logarithmof the ignitionlag and the reciprocalof the
spontaneous-ignitiontemperature.Figure26 (t~en born
ref. 64)showsthatthisrelationdoeshold for dataof two
investigators,andit is assumedto holdfor thedataof refer-
ence66 rIswell. Thislinearrelationalsoreemphasizesthe
largediscrepanciesamongthe variousmethods,differences
of asmuchastwoordemof magnitude.
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FIQUSEI26.—l3&ct of spontaneous-ignitiontempemtumon ignition
lag.

Accordingto equation(16) or (17), over-allactivation
energiesmaybe computedfrom the slopesof theselines._
Valuesarelistedonfigure26;theyrangefrom34to 86kilo-
caloriespermole. Theextendedtheorypointsout thatthe
activationenergiesareover-allvalueaforthechain-initiation
process.Thewidespreadprobablymeansthatunrecognized
experimentalvariableaaffectedthe results. For example,
twopointsareincludedin figure26fromworkof von Elbe
andLewison explosionlimits(ref.69). At pressuresnear
atmosphericsuchdatalie in thesamerangeas thosehorn
someof theexperimentsin flowingsystems. However,the
presenceof a surfaceeffeetin this work (saltor sodium
tungstatecoating)show-sthatsucheffectsmayverywellbe
presentin theotherdata. Chaininitiationisindirect~ytied
in withsurfaceeffeptsthroughthefollowingreactions(ref.
37,pp.42to 43):

WBII
H,O, ~ H,O+~O,

Waa
H,+O, ~ H,O,
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~IGURE 27.—Effect of hydrogenconcentrationon ignitionlag at
atmosphericprEssure.

Therefore, wall effects may affect the observed activation
energy if they act to inhibit one or more of the preceding
reactions. This is a subject that has not been dealt within
spontaneous-ignition work.

Effect of fuel concentration.-It was concluded from the
theoretical considerations that ignition lag should decrease
with increasing hydrogen concentration but should be quite
independent of o~gen concentration. Mullins found no
variation with over-all fuel-air ratio for carbon monoxide or
methane and implicitly assumed that this result holds for
very lean mistures of any fuel (ref. 67). But in the two ex-
periments in which hydrogen concentration was actually
known and was varied, a strong hydrogen-concentration d%
pendence was found. Data of references 66 and 68 we
shown in figure 27. Both e.speriments showed that the
ignition lag decreases with increasing h@rogen concentra-
tion over the ra~~e covered. However,both the form of
the dependenceand the ordersof magnitudeof the lags
are entirelydifferentin the two cases,even thoughthe
spontaneous-ignitiontemperaturesarenearlythesame.

Therehavebeenno studiesin whichtheoxygenconcen-
trationof homogeneousmixtureswassystematicallyvaried;
however,thedataof reference66 (fig.27)representchanges
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(ref.67).

1oxygen content from about 13 b 20 percent becauso of tlm
iderangeof hydrogenconcentrationscovered. The data
ouldbe expectedto deviatefrom a straightlineif there
ere a very strongeffectof o.sygenconcentr~tion.Other
iidencecomesfromDixon’sexperiments(ref,66),inwhiclI
y@ogenwasinjectedinto both air and oxygenand the
fferencesin the spontaneous-ignitiontemperaturewere
dy 3° to 6° C for a 0.5-secondignitionlag. Bothsetsof
itathereforecontlrmthepredictionthatignitionlagshould
?independentof oxygenconcentration.
Effeotof pressure,-Both Dixon (ref. 66) and Mullins
ef. 67)studiedtheeffectof pressureon spontaneousigni-
on. Mullins’dataareplottedin figure28; thecurvesof
nitionlagagainstpressureatconstantspontaneous-ignition
,mperaturehavemaximums.Thisagreeswiththepredic~
m of the extendedtheoryof spontaneousignition. As
:essureis decreasedbelow1 atmosphere,ignitionlagsin-
ease until a pressurenear 0.5 atmosphereis reached;
rtherdecreasesin pressurecausethe lags to decrease.
ixonnotedsimilarbehaviorfor constant0.6-seconcligni-
m lag, thatis, aspressurewasdecreasedfromabout1,6
,mospheres,thecurveof spontaneous-ignitiontemperature
pinst pressurewentthrougha maximumnear1 atmos-
lere (ref. 65). Thus, thereis a differenceof about0.6
,mosphereinthepressureatwhichthesetwoauthorsfound
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thepromotingeffectof reducedpressureto begin. l?urther-
more, the spontaneous-ignitiontemperaturesat which
Dkon found0.6-secondlagswereintherangewhereMullins
foundlagsof a fewmilliseconds,so againtherewasthekind
of discreprmcynotedinfigure27.

SAFEl!YCONSIDERATIONS
In viewof themanyfactorsthatatlectignitionlagsand

spontaneous-ignitiontempemtureaand the wide discrep-
anciesin the resultsobtained,it is not possibleto state
absolutelysafelimitsof temperatureandsoakingtimefor
hydrogenmixtures. However,it seemssignificantthatthe
redly largediilerencesare foundwhenone cempamaex-
perimentswith and withouta stabilizedflame. In both
figures26 and27 thelagsfoundby Mullinsandby l?our6
witha flamepresentthroughoutthe test (refs.67 and68,
respectively)arein themillisecondrange;thoseof allother
workerswereobtainedhornsystemsin whicha flameww-
not initiallypresentandareabouttwoordersof magnitude
greuter. Consideringall the data,it is likelythat,in the
absenceof a flame,hydrogen-airmixturesat 1 atmosphere,
eitherflowingor static,maybe heldat temperaturesup to
550°C for atleast1second.

In recent work at the Bureau of Mines, minimum
spontaneous-ignitiontemperatureswere meaauredfor
hydrogen-airrnkturesdilutedwithwatervapor (ref. 70).
Theminimumspontaneous-ignitiontemperatureisthelowest
temperatureatwhichamixturewilligniteinaclosedappara-
tus,evenif allowedtosoakforaverylongtime,andisthere-
forethesameasanexplosion-limittemperat~e. Reference
70reportsminimumspontaneous-ignitiontemperaturefrom
515°C (nowatervapor)to 580°C (30percentwatervapor)
at a pressureof 7.8atmospheres.other t~ts showedthat
pressurehaslittleeffectin theintervalfrom1 to 10atmos-
pheres. On thebasisof theseandotherdata,reference70
reconmmndsthat any temperatureabove500° C be con-
sidereda potentialspontaneous-ignitionhazardfor long
soakingtimesat pressuresnearatmospheric.At low pres-
sures,withcertainsurfaces,ignitioncanoccurat tempera-
turesaslowm 340°.C (fig.25).

RELATIONSAMONGCOMBUSTIONPROPERTIES
The combustionpropertiesof hydrogenhave been dis-

cussedmoreorlessindividually,andthedataarevaluablein
themselves.However,therearealsointerrelationsamong
severalof thepropertiesthatshouldbe pointedout. The
importanceof theserelationsis twofold. First,theymay
be usedto estimatevoidsin thedataon onepropertyfrom
availabledata on another. Second, there are relations
betweenburningvelocity and quenchingdistancefrom
which chemicalrates in flamesmay be estimated.The
ratesaresignificantin establishingthevolumetricrequire-
mentsfor combustion.

FLAMEREACTION EATE3

Combustionpropertiesingeneraldependbothonchemical
rates and on transportprocesses. Certain combustion
propertiescan,however,be combinedto givequantitiesthat
dependonlyononeor theother. Thiscanbe doneo~y for
flamesof a givenchemicalfamily,suchashydrogen-cmygen-
nitrogenflames. In reference71, a thermalquenching
equation

is combinedwithathermalburning-velocityequation

Burningvelocityti~(l%eactionrate)(Transportproperw)
(30)

te give
Burningvelocity

Quenchingdistanceafiaction‘ate (31)

Fromthisapproach,it wascalculated(ref.71)thattheaver-
agereactionratein a stoichiometrichydrogen-airflameis
169molesperliterpersecond. Theaverageratesforhydro-
carbonfuelsareverymuchlower. Thevalues
reference71 for propane-airandisooctane-airn
1.04and0.24molesperliterpersecnnd,respect

—
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FIGURE29.—Relationbetweenreaction-rateparameterfor h@rogen-
airmixtures.

The very high reaction rate is “the basic reason for the
outstanding vigor of hydrogen flames compared with flames
of hydrocarbon fuels. Flame temperatures are not much
diilerent, so flame temperature is not the driving force of the
hydrogen reaction. Hydrogenis oxidizedby a free-radicaJ
chainmechanism,andthesameis probablytruefor hydro-
carbonsat or nearflametemperatures.It is quitepossible
that the activationenergiesof the individualstepsof the
reactionmechmismare comparablein both cases. How-
ever,absoluteratetheoryshowsthatreactionsof atomsand
othersmallfreeradicalswiththe polyatomichydrocarbon
moleculeswill be asmuchas 10= slowerthan the corre-
spondingreactionswiththesimplediatomichydrogenmole-
cule,evenif activationenergiesaresimilarforthetwocases.
One might speculate,therefore,that hydrogenburns so
vigorouslybecauseit is a verysimplemolecule.

RRLATIONS US~UL FOR ESTIMATING DATA

Flashbackvelocitygradient,burningvelocity,andquench-
ingdistance.-Reference56statesthattheboundaryvelocity
gradientfor flashbackisdirectlyproportionalto thereaction



1186 REPORT1383—NmONAIIADVISORYCO~ FORADRONAUTIC8

rate. Reference72extendsthisconceptandshowsthatthe
reactionratein questionisnotcomplicatedby theeffectsof
tranmorturocessesandthatthefollowingrelationholdsfor
flam~of ~givenchemicalfamily: -.’

(32)

It hadpreviouslybeenshown(ref.71)thatburningvelocity,
quenchingdistance,andreactionratearerelatedasfollows,
asimpliedby equation(31):

(33)

Whenequations(32)and (33)arecombined,the following
is obtained:

r)
I.lea

9fi= ~: (34)

Figure29isalogarithmicplotbasedonequation(34)fordata
on hydrogen-airmixturesat 25° C andvariouspressures.
Two sets of recentatmospheric-pressureburning-velocity
data (refs.10 and26) wereusedto showthe spreadthat
maybeexpected(inspiteofwhichthecorrelationisdeiinite).
Thelineas drawnhasa slopeof 1.03ratherthan1.168as
predictedby equation(34).

Figure29 maybe usedto estimatedataon one of the
propertiesinvolvedif the othertwo propertiesareknown.
bide fromthispracticnlpurpose,theplotisvaluablebecause
it showsthatthetheoreticalideasleadingto equation(34)
areprobablycorrect;thesamebasicchemistryis involved
in flashback,flame prop~oation,and flame quenching.
The consistencyshownwhentheresultsof variousworkers
areplottedintheformof figure29indicatesthatthedataare
basicallycorrect.,eventhoughthereis somespreadfromthe

i I I I I I I 1 I I 1
Prwy;e, P, Equivalence Reference

I ratio,q
Quenching Surning

I distance,da velady,UL

Fxc+mm30.—Relationbetweenproduct of quenchingdistanceand
burningvelocityandfxansportparwnetemof hydrogen-airmixturm.

usual experimentalerrors. Results that depart widely
fromthecorrelationshouldbe suspected;sucha departuro
mightresult,for example,if burningvelocityweremeasured
at low pressurewithoutpropercareto preventquenching
effects.

Burningvelocityand quending distanoe,—Reference71
pointsoutthattheproductofburningvelocityandquenching
distanceshouldbe proportionalto a transportpropwty,
namelytheapparentthermalconductivity(seeeqs.(2Ll)and
(30)), for chemicallysimilar systemssuch as various
hydrocarbon-oxygen-nitrogenmixtures. From the defini-
tionof ammrentthermalconductivitytivenin reference71

-A .-

it was predictedthat thefollowingrelation
suchSyStO~:

u&*Ky

-I-t was found that equation(35)holds

shouldhold for

(36)

very well for
hydrocarbon-oxygen-nitrbgenflarnea~Butattemptstoapply
therelationto hydrogen-airflamesfail,becauseno account
istaken-oftheverylargeeffectsofhydrogenconcentrationon
the transportprocess. It wasfound empiricallythat tlm
followingmodifiedrelationfitsthedatafairlywell:

‘JQ”KW%’)1’(36)

No attemptismadeheretojustifyequation(36)ontheoreti-
calgrounds. Figure30is alogarithmicplotmadeaccording

.01W2:1..Y
.04 .06 .0S .1 .4

Quenctt@disia&2, dq,cm
.6

Fmmw 31.—Relationbetweensparkignitionenergyand quenohing
distance(betweenparallelplatea)for hydrogen-airmixtures.
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to equation(36) for varioushydrogen-airmixturesat re-
ducedandatmosphericpreesures.Exceptfor threepoints
at rmequivalenceratioof 0.6andpressuresfkom0.2to 0.5
atmosphere,thereislittlescatter. Thechiefuseof figure30
is in findingthe effectof initialmisturetemperatureon
quenchingdistance. This effectcan be found by use of
availabledatathatshowtheeffectof temperatureonburning
velocity.

Sparkignitionenergyandquenchingdistance.-Lewisand
von Elbe firstpointedout thatsparki.guitionenergyand
quenchingdistanceyield a correlationline whenplotted
logarithmically(ref.37, p. 415). Figure31 showssuch a
plot for hydrogen-airfixtures at reducedandatmospheric
pressures.The lineshownis a segmentof a genemdcor-
relationthat fits dataon manyfuel-oxidantcombinations
overa rimgeof fourordersof magnitudein ignitionenergy.
Thetheoreticalbasisforthecorrelationisnotwellunderstood.

Flashbaokvelooitygradientand blowoff horn flame-
holders,-Studiesby ZukoskiandMarble(refs.73 and74)
stronglyindicatethat the mechanismof flameholdingon
blufl bodiesdependson ignitiontime,providedthat the
shearregionbetweenthe freestreamand the flameholder
wakeis fullyturbulent. The lengthof the wakeis essen-
tially independentof streamvelocity; for cylindrical-rod
fbmeholders,the data of referauce74 indicatethat the
followingrelationholdsfor awiderangeof flowvelocities:

~= Constant=5.5
a

whereL andD arein inches. The ignition
to thegasesflowingalongtheshearregionis

t=L/U

(37)

timeavailable

(38)

whereUisininchespersecond. If t is equalto or leasthan
a chwwcteristicvaluefor the givenmixture,blowoffwill
occurbecausethegascannotigniteandforma propagating
flame;then,equation(38)becomes:

t *=L/UM (29)

Combiningequationa(37) and (39) yields,for cylin~caJ-
rodflameholders, z

(40)

Ignitionalongtheflameholderwakeis knownto occurat
a temperaturecloseto flametemperature(ref.74). There-
fore,it is reasonableto supposethat theprocessis one of
spontaneousignitionathightemperature.It is assumedin
theearlierdiscussionofspontaneousignitionthattheignition
timeis inverselyproportionalto thereactionrate,andin
viewof thehightemperatureat whichignitionoccu.m,the
ratein questionmaybetakenastheaveragerateofreaction
in a flame. It hasalreadybeenpointedoutthatflashback
velocitygradientdependson averageflamereactionratein
themannershownby equation(32). Thus,it followsthat

/1 \Om
‘“ab%) (41)

Dataon theblowoff~ofhydrogen-airflamesfromcylindrical-
rodflameholdersatatmosphericpressurehavebeenobtained
onlyforleanmixturesandatlowandintermediateReynolds

numbers(ref.58). However,a completeflashbackcurveis
available. Withtheaidof therelationsjustdeveloped,it is
thereforepossibleto estimatea completeblowoffcurve. It
shoildbenotedthatthecurvewillapplyonlywhenReynolds
numberis highenoughto givea fullyturbulentshearlayer
betweenthewakeandthetieestream(Re>10’).

Since the proportionalityconstantin equation(41) is
unknown,thefollowingprocedureis used:

(1) Fromequation(40),fbcharacteristictimet=*is com-
putedfor a givenmixturefor whichthe blowoffvelocity
hornarod of a particulardiameterhasbeenmeasured.

(2) Fromequation(41),thefollowingrelationmay then
be expectedto holdfor othermixtures:

(42)

Equations(40)and(42)arecombinedto givethefollowing
result:

—= 5-5‘“dbm =f (P)$ (t*N.g%W). (43)

For hydrogen-airflamesat 1 atmosphere,thenormaliza-
tion~ointfor computing# waschosenat p=O.5,D= O.254
inch,andT7~~900feetpersecond(ref.58). Theflashback
data are from reference54 (seefig. 19). The estimated
blowoffcurveis shownin figure32. For comparison,the
sameprocedurewasfollowedfor methane-airflames,using
flashbackdata from reference75 and blowoffdata from
reference73.

Figure32 showsthat the maximumpredictedvalueof
ubo/@ for hydrogen-~ ~es iS more th~ ~ orderof
magnitudegreaterthanthatfor methane-airflames. This
issimilarto theresultof DeZubay,whofoundthatthemax-
imumvalue of the correlatingparameterfor blowoff of
hydrogen-airflamesatreducedpressurewas11timesgreater
thanthatfor propane-airflames(ref.57). Stabili@is ex-
pectedto remainhighevenin veryrichmixtures. Thefew
datapointsavailableaggeewith the calculatedcurvesas
wellascouldbe expected,in viewof themanyapproxima-
tions involved. Moreover,some of the points actually

Equivalence rotio, T

FI~URE32.—Comparisonof experimentaldak with blowoff owes
calculatedfromflashbackdataof references54and75. Cylindrical
flameholdem



118s REPORT1383—NA!IToNALADVISORY

applyto conditionswheretheshearlayermaynot be fully
turbulent,andthesepointsof coursewouldnotbe expected
to lieon thecurve.

Accordingto equations(32) and (33), theblowoffcurve
couldhavebeencalculatedequallywell by use of VL/dCin
placeof g$“” Thechoiceof gfiwasarbitrary.

The effectsof pressureon blowoffcouldbe estimated,if,
inadditiontopresentknowledge,thevariationofwakelength
withpressuremerelmown. Workisneededto establishthe
effectsof pressureon theflameholderwake.

A finalcommentaboutthecalculatedblowoffcurve:The
effectsof compressibilityarenot reallylmown. Fromthe
workof reference74, equation(37) appeamto hold up to
free-streamMach numbemof about 0.7. Howev=, the
peakvalueof UJ@ in figure32 implia that theblowoff
velocitywouldbe sonic(1640ft/see)for a flameholderonly
about0.01inchin diameter. It isnotclearhowthepresent
analysismightbemodifiedundersuchconditions.
SUMMARYOFRECOMMENDEDVALUESOF COMBUSTION

PROPERTIES

Table V presents a summary of recommended values of
the various combustion properties of hydrogen-air mixtures.
The values listed are for standard conditions, a pressure of
1 atmosphere, and an initial temperature of about 25° C.
Whereverpossible,dataaregivenforboththestoichiometic
mixturermdthemixtureshowingthemasirnum(orminimum)
value. Theformof thepressureandtemperaturedepend-
enceis stated,if known. Sincesomeof the numbersare
averagesor involvethejudgmentof theauthors,references
areomittedfromtableV.
LmvrsI?LrmrrPROPULSIONLABORATORY

IVATIONALADVISORYCoanmrrEmFORAERONAUTICS
CLRVELAND,Oreo, ApriZ%’,19t57
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.4272 1.223 .000737

0.000000

1: w 2W3 o 2& 724 1.0207
. W4832

L 146 .037407 : z!% : i:%
. mm . Owooo

.0114437 ,000767
2, m 2560.5 la 652 , 70-ao L 102 .240685 47’0477

: W?ldI . c@W3 , Omol
: $%:: .

10.00 1631..2 7.475 : U!x : 15814A ,
00WMO ; ~~ .015676

1.1032 L 310 .757007 Wooc@ , (KDWo . 00CQ66 : %:!% : %!%

lcm 0, 10 1’W7. 2 2& 842 0. :;2 1“ 310 0: OWW: 0. :fMl~ a 77WW; E :~:g o. ~G9j o, ~::: o. OWWo o, mooo
1, Ill 2040,0 24,220 L in

a ::11:1

2.00 2842.6 la 707 :6017 1.242 .250694
001777 . cK@033

: 25mol .433007
10, WI 1031, 6 7.476

:000815 : Cmml : O(MOO3 : (W235is . o(moo4
L 1038

. Oooxlo
L 817 .757050 .034186 .158160 .000000 . Oolxmo , lx3xlcQ .000007 , ,000003 .000000

1400 L w 0.10 1080.2 Z& 341 0.8140
50 Z4m. 8 20.283

L 2$7 0. cHmo32 0.041002 0,772107 a Ooljlol 0: g:g: o.,(llztl~ 0: g:il: 0, lllxnJ17 o. Oomo
L 188 .028807 .173316 . 7020&l

L 00 2320,8 23.307 i %! L 136 .050347 616111 : W3Y;l .
. (Mmo

016006 : ooa818 .010083 : %%
200 275a. 1 18.811 L 1223 L 103 : k?!% :472802 . 008130

10.00 1000.4 7.470 L 21S0 L 286 :%% .
. 033b68 . 0W883

: l%%
: [w;

084118 . 15804JI . om13 : :R:ti .001377 , ODWW . cKlmo

. Tho method nnd thermeehemiml dnta for thfee mmput.stfone were taken from mf. 70, with the following exmptfons: Data for we.t+r wem tnlmn from ref. 77 and the qd-
Iibrium.omstcurb for the dkwW40n of N, wew mvked to conform wfth the recently nmepted value of ite dimwiation ener , 0.766 elmtmn vol@.

% %%%f ~zx”g~?$m O~Y,

For dmplielty ofr w emnmed
% fiotitiouE hid] bet-n 303° nnd 24h0° K ie the mrnein the molnr rntio 1:3.7672, or 21.02 permnt oxygen. The @Mmlpy ohcmgo of t

oh mntdna 20.05 pereent oxygen plus nftmgen, argon, and other g=.

1

I
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TABLE lJ1-HYDROGEN-A7R BURNING VELOCITIES

IAtrnamherio Drcxwm: i-mm tmnuemtnml. . .

El=dr#gl
atOiObi-

Source and dnta Itefer- Appnrntus Flame surface
ometrio Maximum imum-

Meaerlrement

enm
bm-rdng burrdng-

Velooity, velooity, Veloolty
clJ1/eeo omfma mfxhlm,

Volurn+
percent

Miohe%on, 1830. . . . . . . . . . . . . . . . . . . . . . . . . 15 CyhMdb~er --------------------- Vldble ------- Totrd area -------------- 230
IJbbelobde and Ho fmeu, 1913 ------------- ]$ Cytitidbwm --------------------- Vinible ------- Ccme height ------------

277 Ml

Ubbelohde end WelUker, 1916-. . . . . . . . . . .
163

Cybtiati b~er --------------------- Vkible ------- Ckmeheight ------------
2cKl 46

Bmtiand %dq,19W ----------------- 18
165 200

@tiMWbmm,mld-_--------.... Visible ------- Ceneheight ------------ 193
40

Bum nnd Idttemhcldt, I!XW..- . . . . . . . . . 10 Oyl.indrierd beer --------------------- Vtelble- . . . . . . Cone hdght ------------ 185
263 40

.Pz#quq ;::: -------------------------- 2 Cylindrical burner, mmlwl, enolccwd.- ---- Visible ------- Corm height -------------
20+3 42

167
Cylimlrlobl burner, @mled-- . . . . . . . . ---- Vlefble ------- Approximnta area ------- m

210 44

J~%---:::::::::::::::::::::::::: ; oylimb-imd burner, mold-------------- Viefble ------- Conaheiglt ------------
236 42

Smlt and Plokeringj 1936----------------
187

~ti~dbwer --------------------- Vfdble ------- Angle ------------------
267 43

Friedman, 1949 -------------------------
170

Cylindrical burner, moled.-..-----.---- -------------- Cone height (wrneat.ed) --
262 42

Bmtbolom6, 1W9--..---..---.--.------. $ Noadebmm ------------------------- Vtefble ------- tile ------------------ -x-
------

m
---..-

CaJoo@ Bmnett, and Irby, 1949 ---------- ~ Cybtiod bmm--------------------- Ohadowgraph - F~wen------.---.
42

Femmd Wm@ 1953 ------------------
213

C btidb~er --------------------- -------------- ------------------------
317 42

MorgenmdlKenq 1953------------------ 3 l?m~lebummr,m bled..........-. ------ Sahltelwn ----- h----------------- 4;:
--.---
--iti-

-.----

Burrwwser and P*% 1965 . . . . . . . . . . . . . . . CyltndrlOal burner, ewkl, mold------ Shadowgraph . ~le-------------.---. 230
Manton and MUUken, 1960 ---------------

------

u Spberkd bomb ----------------------- Sohliemrl----- Flrune dle.rneter cmd
42

2%2 300 41

Flnq 1956------------------------------ 27 CytiMod bmm, mold -------------- SehUeren----- Topti area --------------- 304
Heirnel, 19 W--------------------------- 24

103
Cylindrio’td burner, mcdwi -------------- SOblierml----- Tots’area-------------- 200

45
!2W7 43

TABLE IV.—DETONATION VI?LLKfITIII-9 ON STOICHIO-
MLTRIC HYDROCHIN-OXYGEN MIXTURES

[D.t8 from mf. 87, p. .5$8.]

2a3

373

o. ‘&3

:E
LOIM
1.448
L 075

0.513
.068

1.000
1.316
L 908

Detonation
velocity,

m/se4

2627
2706
2776
2s21

H:

2697
273S
2700
2828
2342

w

w
w



TART.Ti! V —RF.COITMF,NT)?JT_) STANT)ARn VALUES OF HYDROGEN-AIR COMRUSTION PROPERTIES---—, . . .-------—- .- ——--— .———. -- ———--— —-——-———–——--- -- —----— .-- —————

EC&...

vllluo nt wpliv* lkimum
Pmpmty

mtlo for
lenr4 ratio of 1.00 or rn$~lum mO~$n~ Prwure dqxmdenec Tcmperatum depcnderm

(utoiohiometric)
Rcnmrks

mum of
pro~rty

Flanm tmnpxatirq Tr--- 23E7” K--. . . . . . . . 2403° K.... 1.00 SCeflg! 4----------- Tl~#~,a06j T. - 300)

T,=!(’r,m+ (2’a-tiO) (rich
and lcnn mixturm),

Lnmfnar burning VO1OOILY, 215 OIn/HOO.._ ---- 310 Om/8w 1.80
Ux,.

u~ccFQ.~. .......... UL,.U-O.0LW08 Te{il$.... ---

Turbulent budng voloe- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -. —.-. ------- ------- ------ ------- ------- ------- -------
it y, UT. .

Mrmdng of turbulmt burning vdooity mww-
ummmti 10 not olmr at prcwmt.

Qumohing dlstancq d,-- . 0.0570m -------- ------------ - 1.00 d,aF_’1~ P-O. --- Unknown---- ..--. -.---.-.; -

{1
d,aP1~B pEIl,O -- .
d,aF-1.~ ~=2,0 -. .

Spurk ignllion onor~v, I- . 0,010 millijOulca-- ------------ - 1.00 IuP- . . . ... ... .. . logIc~---.----------.... -
T.

Datanation velooiti ----- . 1854 mjwa ------ . 2160 ,mlwO . x 75 emnll ------------- . Small -.--. .-- . . . . . . . . . . . - Limits of datmmbtity: 18.3 to 59.0 pemcmt

W%%%%%lld%%
; -..

by volnmo.

-------- ----- ---------- -- ------ - --------- -------- -- -------- ------- -------- ------ - Consider mixtnrw e.t tampemtunm over 600°

pmturo.

FkmmmblLi~ llmft.s--- -- . . . . . . . . . . . . . . . . . . -:---------- - ------ None for redmxd

i=:%Y%~$:fl=’a:tJJ

Wflg! 14----... --., ------- . Upwnrd pmp~tlon:

?%W&%t..
Lean lfmi~ 4.0 prment hydmgon.
Rfoh limit, 74 pmcent hydrogen.

Downwani propagation:
Lran Lbnit, 9,0 ~nt hydrogen.
Rich limit, 74 pmeent hydrogen.
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